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INTRODUCTION AND OBJECTIVES 
Soil aeration Is an Important problem lAen considering 
plant growth. The fraction of soil volume occupied by gas 
serves as a path for the movement of oxygen into the soil for 
use by plant roots and soil microorganisms and, simultaneously, 
as a path for the removal of the carbon dioxide they produce. 
This component exchange process lAiioh continually operates in 
"active" soils is called aeration. Therefore in considering 
the problem of soil aeration it is important to know the soil 
volume fraction occupied by gas, the composition of that gas 
and the mechanism involved in the component exchange process. 
Gaseous diffusion is considered the only Important 
process causing gaseous interchange between the soil and the 
atmosphere. Diffusion is a process in iidiich individual gas 
components move in response to partial pressure gradients. 
Research has shown that increasing bulk density, increasing 
moisture content, or decreasing the volume of air-filled pores 
in the soil, decreases the total quantity of gas diffusing 
through the soil. It is on this basis that the results of 
many field experiments are interpreted concerning aeration and 
its effect on plant growth. 
The gaseous composition of the soil atmosphere is thought 
to depend mainly on biological activity and diffusion. There 
is a lack of quantitative data in the literature relating the 
2 
processes of soil activity and diffusion with gas composition. 
Only theories requiring some assumptions not verified by 
experiments have been presented. 
One of the main reasons for a shortage of quantitative 
data on soil aeration is the lack of a suitable method for 
characterizing soil aeration. A number of established methods 
are available for measuring gas diffusion in soils but methods 
that have been used to measure the composition of the soil 
atmosphere near the root-soil interface are questionable. 
This is because soil gas sampling procedures in the past have 
required use of large pressure differences causing a mixing 
of gases from different soil depths. 
Gas chromatography, as recently developed, is a qualita­
tive and quantitative analytical tool lAiich allows rapid and 
accurate determination of the quantity of gas components in 
samples of approximately one milliliter that are withdrawn 
from the soil. In this thesis gas chromatography is described 
as it is related to the study of soil aeration. 
It is recognized that the carbon dioxide and oxygen 
composition of the soil air are likely not the same as the 
composition of carbon dioxide and oxygen at the root surface 
because of the presence of a thin water film which surrounds 
the plant root. The thickness of the water film determines 
the quantity of gas components which can diffuse through the 
films. Theoretical considerations indicate, however, that the 
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amount of gas diffusing through the water film is related to 
the composition in the air. 
The main objectives here will be (1) to describe tech­
niques whereby the composition of the soil air can be accurate­
ly and rapidly determined using gas chromatography, (2) to 
present quantitative data relating soil activity and gas dif­
fusion with the composition of the soil atmosphere, (3) to 
test these data with soil aeration theories, and (4) to deter­
mine the influence of various tillage and cultivation 
practices on the aeration status of a field soil. 
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REVIEW OP LITBRATORE 
There are several comprehensive reviews of literature on 
soil aeration. Treatises of Romell (51), Clements (10) and 
Russell (55) include over 1,000 references. In the present 
review the more recent papers on gas diffusion and soil 
atmosphere composition will be considered along with a brief 
review of soil atmosphere measurement methods. 
Gas Plow in Porous Media 
Two types of mechanisms are involved in the flow of gases 
between the soil and the atmosphere. The first is mass flow 
of gaseous constituents into and out of the soil as a result 
of total pressure gradients between the soil air and the 
atmosphere above the soil. This type of pressure difference 
may be caused by temperature differences, changes in baromet­
ric pressure, kinetic effects of wind blowing over the soil, 
and penetration of zones of saturation through the soil pro­
file following rains or irrigation. From a review of the 
literature Russell (55) concluded that gaseous transport 
arising from such causes is of minor significance in explain­
ing the interchange of gases between the soil and the atmos­
phere. The second mechaniism causing gaseous interchange 
between the soil and atmosphere is diffusion. Diffusion is a 
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process in lAiioh individual gas components move in response to 
partial pressure gradients (11). In most soils this process 
operates continually because in soil biological processes 
carbon dioxide is being produced and oxygen consumed. This 
results in a decrease in the oxygen content and an increase in 
the carbon dioxide content of the soil atmosphere as compared 
to normal atmospheric values. Diffusion is generally regarded 
as the only Important process by which gases move through 
soils under ordinary conditions. Most of the recent investi­
gations on the subject of soil aeration have dealt idth rate 
01' diffusion of gases in soils. Early investigations by Penman 
(46, 47) and Buckingham (9) indicated that the rate of diffu­
sion was approximately proportional to the fraction of the 
total soil volume occupied by gas filled pores. The reason 
for the decrease in diffusion through soils is that gas 
molecules must follow the tortuous path provided by soil pores. 
Penman found that the diffusion coefficient for tha movement 
of gas through soil columns was about 0.66 times its normal 
diffusion coefficient in bulk air. Buckingham concluded that 
diffusion was a function of the square of the air-filled pore 
volume. These differences may be partially due to differences 
in pore volume ranges used by the investigators. Buckingham 
studied soil with air-filled porosities ranging from 0.25 to 
0.70. Penman's observations on soil were all above 0.35. 
Many of Penman's other observations leading to his porosity-
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diffusion relationship were for gas diffusing through dry 
solids which may not be representative of a moist soil pore 
system. 
Attempts to find a more precise relationship between 
diffusion rate and air porosity have resulted in slight modi­
fications of findings of Penman and Buckingham, van Duin 
(70), and Wesseling (75, 76) have made linear adjustments of 
data presented by Penman (46, 47), by van Bavel (65), and by 
Taylor (64), and found the relation 
3L= 0.9 8 - 0.1 [1] 
;Aiere D is the diffusion coefficient for soil, DQ is the dif­
fusion coefficient for air, and S is the air-porosity. Equa­
tion 1 indicates that the diffusion coefficient is zero for S 
ranging from 0 to a cut off point at 0.11. Experimentally 
there is not a sharp cut off point at 0.11. Taylor (64), 
Baver and Parnsworth (3), Jensen (28), Bunkles (52) and Ourrie 
(15a) found cut off points of 0.05 to 0.10 which is in agree­
ment with data summarized by Wesseling and van (74). The 
cut off results from the fact that a small fraction of the 
soil pores are blocked at low moisture tensions and do not 
furnish a continuous pathway for gas diffusion, van Wijk and 
de Tries (7I) have noted that there are blocked pores in soil 
and the only way to fill these pores or drain them is to 
destroy the soil aggregates. 
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An equation of the type D/DQ = S® has also been used to 
express a more precise relationship between diffusion and air-
porosity. Buckingham (9) deduced that m = 2 from his work on 
soils. This type equation satisfies formal requirements at 
the limiting values of S = 0 and S = 1. This relationship 
also takes into account that the diffusion rate is considera­
bly smaller at low air-porosities than at higher alr-poro8i= 
ties. Milllngton and Quirk (43) suggested the use of m = 4/3 
and showed that a curve based on m = 4/3 gave good agreement 
with Penman's, Taylor's and van Bavel's data. Nevertheless, 
from the same data Marshall (4l) concluded that m = 3/2. 
Currie (13) pointed out that a likely reason for the 
inability to find a unique relationship between diffusion and 
air-porosity data was due to not taking into account particle 
shape, de Tries (17a) introduced the concept of a shape factor 
into the porosity-diffusion relationship. He expressed the 
relationship as D/D^  = a idlere a is a function of the pore 
structure. At a given porosity S, 0 < a < S, thus allowing 
assumptions to be made concerning the structure of the soil. 
The formula used to determine a was: 
1 - (1 - ^  E)X 
a = ^ [2] 
1 + (K - 1)1 
lAere X is the volume fraction of the enclosed particles 
(water filled volume) and K is a known function of D/D^  and 
8 
the shape of the particles In the gas flow medium. He gave 
values of K as 1.5 for spherical particles, 1.67 for oblong 
cylindrical particles, and 1.72, 2.10, 3.10 and 22.0 for 
ellipsoids with c a^ es equal to 3, 5, 10, and 100 times the 
a and b azes, respectively, de Tries also developed a modi­
fication of Equation 2 to take into account blocked pores and 
with this modification was able to obtain good agreement with 
his theory and Penman's diffusion data for moist soil material. 
Various data of Ourrie (15)» Gradwell (18)» Blake and 
Page (5)» and Taylor (64) indicate that S and are 
related, but the relation varies between soils and cropping 
systems. Few workers have adequately described the structure 
of the soil in their experiments, thus making it impossible 
to physically explain variations caused by soils of different 
physical condition. 
Considerable effort has been expended by some workers in 
recognizing and correcting certain errors inherent in measure­
ments of the diffusion process. These errors include: (1) 
the effect of large enough concentration gradients to produce 
flow rates great enough to be readily measured (diffusion 
theory applied to small gradients); (2) differences between 
the diffusion coefficient of the diffusing and counter-diffus­
ing gas; and (3) the inability of the counter-diffusing gas 
to accumulate in a closed vessel beneath the soil sample idxen 
the diffusing vapor is a liquid (as was the case in Penman's 
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work), but return as mass flow through the soli. According 
to Gradwell (18) these difficulties Introduce errors of only 
a few percent Into the coefficient of diffusion and thus can­
not explain the reason for the variation existing In the 
literature. Data presented by Jensen (28), Rust et al. (56) 
and Ourrle (15, 12, l4), all of idiom used different methods 
for measuring the diffusion coefficient, agree with the more 
frequently used methods of measuring diffusion by partial 
pressure differences, thus giving further evidence that errors 
of a large magnitude have not been made in diffusion measure­
ments. Also measurement of diffusion rate of soil made 
directly in the field by Raney (4#) and van Bavel (66) are in 
good agreement with laboratory-controlled experiments indicat­
ing the validity of reported methods. 
Composition of Soil Atmosphere 
Most of the early work in soil aeration was concerned 
with measuring the gaseous components of the soil air. A 
thorough review of these researches are given in the pre­
viously mentioned reviews. See especially Clements (10). 
Russell (55) and Black (4) have pointed out the need for 
a more suitable technique for characterizing soil aeration 
than previously used methods of measuring the composition of 
the soil atmosphere. Methods that have been used for extract-
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Ing soli gases employing s o^ nt .1 dorable difference In total 
pressure to cause gas movement may not give gas compositions 
representative of the soil because of mlilng gases, of dif­
ferent composition from different depths. Most workers, iriao 
have reported gaseous composition of the soil, required 
samples of at least 25 ml. for analysis and at least an 
additional 25 ml. of sample t;: flash out the sampling probes 
Inserted In the soil. This W3 true in the method used by 
Russell and Appleyard (54@) which has been used In other 
aeration studies. Soil air composition studies of Schuffelen 
et al. (58) required 100 ml. samples and recent studies of 
Makarov (4o) and lastrebov (32) have required a gas sample In 
excess of 100 ml. for analysis. Creation of a partial vacuum 
at some point In the soil vlll cause mass flow of air to that 
point. Since air moves most rapidly by mass flow throu^  the 
larger pores, a large pore extending froE the point of sampling 
to the soil surface could cause considerable error In the gas 
composition of the sample. Page cind Bodnaa (45) stated that 
"direct evidence for the effect cf soil aeration on nutrient 
availability is scarce." The reason glv&n was that there are 
few data on the subject because of a lack of a good analytical 
method for characterizing soil aeration. They attributed the 
main difficulty to a need for large gas samples for analysis 
Tdiich were probably not representative of the atmosphere 
surrounding plant roots. 
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Hack (21) conducted a study on the influence of sample 
size on the composition of the soil atmosphere. He used a gas 
micro-analysis technique nhich required only about 0.01 ml. 
samples and compared the results vith a frequently used method 
requiring a 10 ml. sample. The micro samples were -withdrami 
directly from the soil at any desired depth with a hypodermic 
syringe inserted through a transparent plactic sheet idiich 
formed a supporting wall for the soil. The large macro sam­
ples were withdrawn under partial vacuum from a glass 
capillary tube inserted in the soil to the depth desired. 
Differences between OOg and Og content in micro and macro 
samples withdrawn from the same depth were found, the higher 
OOg and lower Og being in the micro sample. This composition 
difference was attributed to gas being withdrawn only from 
larger air-filled pores in the macro samples and the possi­
bility that the capillary tube used opened up continuous path­
ways along the walls of the tube to other regions of the soil 
or to the atmosphere above. The sample size caused the 
greatest compositional difference in a compact soil as com­
pared to a non-compacted soil. Differences were also greater 
when the soil moisture tension was near zero. The soil mate­
rial was kept at a moisture tension below 1/3 atmosphere 
through most of the experiment which could possible best 
explain the differences found. At low moisture tensions there 
would be a probability of a greater number of blocked pores 
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from 1*1 oh the small samples oould have been withdrawn Tihen 
the syringe needle was Injected into them than when gas vas 
forced by partial vacuum into the large sample tubes. 
Since the introduction of the Pauling oxygen analyzer 
there has been an Increased Interest in measuring the oxygen 
concentration in the soil. Work of Blake and Page (5), 
Shapiro (59), Taylor and Abrahams (63) and Runkles (52) is 
pertinent. Shis analyzer allows immediate analysis of the 
oxygen composition in a sample. Taylor and Abrahams (63) used 
this type analyzer to study the oxygen composition of gas in 
soil in which com and sugai beet were growing. Their diffu­
sion equilibrium sampling method did not have the possible 
error caused by collection of gas samples under a partial 
vacuum since gas lAlch had come into equilibrium with the soil 
in a small, burled diffusion well was recirculated in a closed 
system in which the analyzer was Included. They found con­
sistently lower oxygen contents irtien using this method than 
idien the gas vas removed under a partial vacuum for analysis. 
These scientists found, as others have, the composition of 
oxygen in the soil atmosphere to be highly dependent on the 
moisture content. Their results show a linear decrease in 
oxygen concentration with Increasing depth in the profile to 
the 12-inch depth measured. Oxygen concentration values as 
low as 10% were found at the 12-lnch depth on very moist soil. 
13 
Gas Ohromatography as an Analytical Tool 
Gas chromatography Is a snalltatlTe and quantitative 
analytical tool uhlch has recently become available commer­
cially. It is used to separate and determine the composition 
of volatile compounds having boiling points up to about 350° 
to 4oo°0. Gas ohromatography method i have the advantages of 
being sensitive, rapid and simple in execution and, idien 
properly used, furnish accurate quantitative information with 
extremely small amounts of sample. Keulemans (30) has defined 
chromatography in the following manner; "Ohromatography is a 
physical method of separation in which the components to be 
separated are distributed between two phases, one of these 
phases constituting a stationary bed of large surface area, 
the other being a fluid that percolates through or along the 
stationary bed." 
The type of chromatographic method of interest in the 
scope of this thesis is gas-solid adsorption chromatography; 
that is, the stationary phase is a solid and the moving fluid, 
a gas. !Qie method will hereafter be referred to as gas 
chromatography. The solid phase is usually packed into a 
column, called a chromatographic column, and the gas, called 
carrier gas, moves through the column, as the sample compo­
nents of the gas are being separated. 
Even though the number of gas chromatography publications 
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has increased from less than 100 in 1955 to approximately 1700 
in 1961 (16) there are relatively few papers dealing with the 
separation and emalysis of the permanent gases idiich exist in 
the soil atmosphere. Dal Hogare and Juvet (16) indicated that 
this was due to a difficult in finding appropriate solid phase 
column packing materials. The discovery of "molecular sieves" 
by Barrer (2) led to a major breakthrough in this difficulty. 
He found that there exists certain silicates which provide 
regular networks of channels with diameters no larger than 
those of molecules. Such crystals can act as sieves and bring 
about a separation of molecular species by occluding small 
molecules, while not adsorbing larger molecules or molecules 
lAiioh have shapes that do not fit into the channels. Molecu­
lar sieves are prepared by outgassing finely powdered zeolites 
at temperatures within the range of thermal stability of the 
crystals. Barrer found that the condition during outgassing 
may be varied so as to produce molecular sieves having dif­
ferent properties. Molecular sieves have made possible the 
gas chromatographic separation of hydrogen, oxygen, nitrogen, 
methane, and carbon monoxide from a mixture of these gas 
components (Kyryacos and Boord, 31). The use of silica gel 
and alumina material ndiich has been properly outgassed as a 
solid phase for gas chromatographic separations has allowed 
the analysis of a number of other gases (Greene and Fust, 20). 
Activated charcoal has also been used for the solid adsorbent 
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material for gas chromatographic separations (Greene et al., 
19). 
All molecular sieves prepared to date irreversibly absorb 
carbon dioxide at temperatures below 300'C and thus prevent 
simultaneous separation and analysis of a gas sample for 
carbon dioxide, oxygen and nitrogen with the same solid 
adsorbent material. This is unfortunate because these three 
gas components are of special interest in soil atmosphere 
investigations. 
Brenner and Oieplinski (8) reported a gas chromatographic 
method in ^ rtiich mixtures containing oxygen, nitrogen, and 
carbon dioxide could be separated from the same sample. Two 
columns were prepared using silica gel, which separates carbon 
dioxide from air, as the solid phase in one and molecular 
sieves, Tdiich separate oxygen from nitrogen, as the solid 
phase in the other. The gas sample containing the mixture was 
divided in a fixed ratio between the two columns thus allowing 
separation and analysis of all the gas components in the mix­
ture. Methods using this same principle with slight varia­
tions have been used by Murakami (44), iysyj (38)» lysyj and 
Newton (39), Luh and Ohaudhry (34), Vosti (72), Lyons et al. 
(37) and Yamaguchi et al. (77). 
To date only three papers have been published in which 
gas chromatography was used in soil atmosphere investigations. 
Smith and co-workers (60) have mainly described techniques for 
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use of gas chromatography In soil nitrogen studies. A tech­
nique described (60) permits the separation and analysis of 
molecular nitrogen, nitric oxide, nitrous oxide, nitrogen 
dioxide, ammonia, oxygen and carbon dioxide. 
Yeaaguchi et al. (77) described a technique for sampling 
and analysis of oxygen, nitrogen, and carbon dioxide in soil 
atmospheres. They prepared a sampling tube by joining 
capillary glass tubing to a larger glass tube Tjhich was flared 
at the bottom to serve as gas reservoir lAien buried in the 
soil. The capacity of the sampling tube was about 3 ml. A 
silicone rubber septum vas attached to the upper end of the 
samples through lAiioh a syringe needle could be Injected for 
removing a sample. At the sampling site, a core of soil was 
removed to the proper depth and the gas collection tube 
inserted into the hole. After insertion, the soil was re­
packed around the tube to prevent gas leakage. After an 
equilibration period, a 1-ml. sample was removed with a 
syringe. Injected into a dual-column gas chromatograph, and 
analyzed for GOg, Og and Ng. Prom the limited amount of data 
presented the analyses of gas collected from a known gas mix­
ture in quartz sand was in fairly good agreement with the 
actual composition of the mixtures. 
It can be concluded from the limited amount of literature 
available that with proper gas sampling techniques gas chroma­
tography can be a useful tool in evaluating the atmosphere of 
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the soil. It Is a rapid method and, since only about 1-ml. 
Is required for analysis, It allows the objection of large 
sample sizes to be overcome. 
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PROCEDURES 
Soil Air Sampling Techniques 
It Is evident from the literature (34, 37, 72, 77) and 
from results to be presented later In this thesis that gas 
volumes in the order of 1 ml. can now be rapidly analyzed 
using gas chromatography. On t^ e assumption that suitable 
gas samples can be obtained, a gas chromatographic method 
should meet the need for a more suitable technique for charac­
terizing the soil atmosphere. A met? od for obtaining soil 
gas samples with a small volume auil gas sampling probe that 
can be easily Inserted Into moAst soil, in place, with a 
minimum of disturbance to the natural conditions of the soil 
was developed. The gas sampling equipment used, Illustrated 
in figures idilch follow, consists of a specially prepared 
metal capillary tube made into t. probe and a gas tight syringe 
to remove the sample from the probe and transfer it to the gas 
chromatograph for analysis. 
The probe tubing^  is made of hird tampered copper with an 
outside diameter (OD) of l/lé-lncii (1.59 mm.) and inside 
diameter of 0.02 inch (0.51 mm.). Tubins of smaller dimen-
P^urchased from Microtek Instruments, Inc., 550 Oak 
Villa Boulevard, Baton Rouge, Louisiana. 
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slons was tried but found to be Inadequate because of lack of 
strength, insufficient flow rate and susceptibility to soil 
and water plugging. The lower end of the probe tubing is 
pinched together to form a sharp point as is shown diagram-
matically in the inset of Figure 1. About 0.5 cm. above the 
point an eye is filed Into one wall of the tubing. The file 
should barely penetrate the one wall. Piling beyond the wall 
thickness will weaken the tube. The inside of the eye is 
opened with a sharp ice pick. The shape of the eye should be 
tapered similar to that shown in Figure 1 so that lAien the 
probe is inserted into the soil the eye will not fill with 
solid material and plug the entrance to the capillary. The 
length of the probe depends on the depth from which gas sam­
ples are to be withdrawn. 
The upper end of the probe is fitted with a rubber septum 
used to aid in syringe withdrawal of gaw from the probe. An 
exploded, section and assembled view of the upper part of the 
probe is shown in Figure 2. The septum is held in a l/8-inch 
brass compression tubing union (available in hardware stores). 
The union is modified by drilling cut the constriction in the 
inside of the union completely through so that a l/8-inch OD 
tube can just fit through it. A piece of clean 1/8-inch 
copper tubing 2 inches in length is then soldered inside the 
union with one end of the tubing protruding about 2 mm. above 
the drilled out part of the union. The protruding end and 
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excessive solder are filed or sanded down flush with the end 
of the union \diich will serve as a seat for a rubber septum. 
The upper end of the l/l6-inch probe tube is then soldered in 
the lower part of the union so that the upper end is 1.25 cm. 
below the septum seat (section view, Figure 2). 
Septurns are prepared from l/8-lnch thick, self-sealing 
silicone rubber.^  Septurns can be ordered to size or cut to 
size. For cutting septums a number 3 rubber stopper cutter 
may be used. To hold the septum in place one union nut (Fig­
ure 2, section view) is used. Â 1 cm. long 1/8-inch OS copper 
tube is soldered on the top of the union nut to serve as a 
guide for a syringe needle to be inserted through the septum. 
She union nut is tightened on the specially prepared union 
with the septum in place until the seal is gas tight. If the 
septum is compressed too tight, the septum rubber will plug a 
syringe needle lAien injected through it. 
There are three main advantages to a sampling probe of 
this type. The first advantage is that it has an extremely 
small volume(0.13 ml. for a probe 50 cm. long). Therefore, 
less than 1/4 ml. of gas needs to be withdrawn to flush out 
the probe before the actual sample is removed. This minimizes 
the amount of mass flow due to the partial vacuum created at 
P^urchased from Microtek Instruments Inc., 550 Oak Villa 
Boulevard, Baton Rouge, Louisiana. 
23 
the probe eye nhen removing a sample. A second advantage of 
this type of probe Is that It can be easily inserted into a 
rather compact moist soil with a minimum of disturbance to 
the natural conditions of the soil. A third advantage is the 
relatively low cost of the probes. A large enough quantity 
can thus be prepared so that the probes remain in the position 
in Tdiich they were inserted. This should decrease sampling 
variance since the gas will be withdrawn from approximately 
the same pore system at each sampling. 
Gas is removed from the probe with a 1 ml. Hamilton gas 
tight syringe equipped with a sheathed chromatograph type 
needle. For more rapid and reproducible gas quantities a 
Ohaney Adapter^  for the Hamilton syringe is recommended. The 
syringe needle and adapter are shown diagramatioally in the 
lower part of Figure 2. îhe Hamilton syringe is used because 
it has a teflon plunger which requires no lubrication to 
maintain its gas-tight seal. The needle is a 28 gauge needle 
with a 22 gauge outer stiffening sheath. It has a lateral 
eye near the point which is not as easily plugged as needles 
with openings on the end. This type needle can penetrate a 
septum as described above as many as 50 times without destroy­
ing the seal of the septum. After the sample is transferred 
P^urchased from The Hamilton Company, Inc., P.O. Box 
307, Whlttier, California. Syringe model 1001, needle number 
1172822. 
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Into the syringe it can be inserted directly into the chroma­
tographic column with the syringe. 
The following procedure is used irtien removing a sample 
from the probe to insure a near representative sample. After 
removing about 0.25 ml. from the probe and reinserting the 
needle in the septum, the syringe plunger is slowly pulled 
out until it exceeds the 1 ml. graduation marked on the glass 
syringe. The plunger is then allowed to stay in that position 
for 4 to 6 seconds so that the full volume of gas can enter 
the syringe. If the syringe needle or the probe is plugged, 
the plunger will begin to move back toward the needle. If 
this happens the syringe must be removed and the reason found 
for the plugging. Plugging of the syringe needle is usually 
caused by rubber from a septum, but it may be caused by water 
from sampling probe in a near saturated soil. Plugging of the 
probe is usually caused by water being pulled into the probe 
lAien the eye is near a water saturated pore. The probe may 
also be plugged with soil material or some other solid caught 
in the eye in lAiich case the probe will have to be removed and 
unplugged. If the problem is water plugging a 2- to 5-ml. 
syringe injection of air into the probe often causes an air 
channel in the soil to be opened to the eye so that a sample 
can be removed; however, a sample should not be removed until 
equilibration is reached. Samples have been removed from soil 
material with as little as 12^  air-porosity without plugging 
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of the probe. If the syringe plunger does not move back 
toward the needle after it is pulled out past the 1 ml. 
graduation, the plunger is pushed back toward the needle until 
about 0.03 ml. more than the 1 ml. sample is in the syringe. 
This procedure is needed to make certain there is no total 
pressure gradient causing movement of gas from the atmosphere 
into the syringe irtien thei needle is removed from the probe. 
Immediately before the sample is injected into the ohromato-
graph the needle is immersed in water and the extra 0.05 ml. 
expelled. Small bubbles will indicate if the needle is opened 
sufficiently. Then the bubbles stop flowing, the sample is 
ready for analysis. 
Gas Chromatography Procedures 
%ien a technique idiich is relatively new to most 
researchers is used, certain terminology needs to be under­
stood before the technique can be adequately described. Even 
though terminology has been developed to describe gas chroma­
tography (11, 29), some of the terms used to describe the gas 
chromatography techniques used in this thesis will be pre­
sented here as chosen from references 11 and 29. 
1. Cclumn - the part of the apparatus idiich accomplishes 
the separation of sample components. The columns 
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used In this work were all made of 0,25 inch outside 
diameter and 0.17 Inch inside diameter copper or 
aluminum tubing out to the length needed for each 
application. 
2. Detector - the part of the apparatus idilch measures 
the amount of sample component in the carrier gas as 
the carrier gas leaves the column and enters the 
detector. A differential thermal conductivity 
detector cell was used in this work. 
3. Carrier gas - the mobile phase that moves the sample 
through the column. In this work helium was used as 
the carrier gas. 
4. Active solid - the porous solid packed inside the 
column which causes separation of the sample compo­
nents. 
5. Pressure - the gauge pressure of the carrier gas at 
the column inlet. 
6. Flow rate - the rate of flow of the carrier gas at 
the column outlet. 
7. Temperature - the temperature at ^ ich the column is 
maintained. 
8. Ohromatogram - a plot of the detector response vs. 
time as recorded on a strip-chart recorder. 
9. Peak - the response from a differential thermal 
detector due to a sample component as recorded on a 
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strip-chart recorder. 
10. Baseline - the part of the chromâtogram betveen peaks 
lAen no sample component is being eluted from the 
column. 
11. Attenuation factor - a resistance factor used to keep 
peaks on scale. Thus, the magnitude of a peak 
representing a small concentration of a gas component 
may be as great as a peak representing a much higher 
concentration provided the proper resistances are 
chosen in each case. 
12. Retention time - the time required, from the begin­
ning of the sample injection into the column, to 
reach the mailmum peak of the gas under analysis. 
For a given column under specified conditions, it 
designates the order of the component gases being 
eluted from the column. 
Gas separation and detection 
A Beckman G0-2A Gas Ohromatograph was used to analyze the 
gas samples Kithdrann from the soil. The data were recorded 
on a Sargent SR-30 strip chart recorder equipped with a model 
MK4-1 Disc Chart Integrator. The recorder chart speed was one 
inch per minute. There eure three analyses considered: OOg 
in air, O2 and Hg in air, and, simultaneously, OOg, Og, and 
Bg in air. 
Figure 3. Gas chromâtograph, recorder, and soil columns 
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For GOg in air determinations,a column 20 inches in 
length vas packed with 30 to 60 mesh silica gel. Carbon 
dioxide is separated from air in this column, with Og and Ng 
not being separated. The column was maintained at lOO'G. The 
inlet gauge pressure was 20 p.s.i., the outlet pressure 
atmospheric. The flow rate of helium as a carrier gas was 
58 ml. per minute. The detector current normally used was 250 
milliamperes (ma.). Higher current (350 to 400 ma.) was used 
in cases where the GOg composition of the sample was approach­
ing atmospheric values of about 0.03# by volume. The reten­
tion time for air was 0.1 minute and for GOg, 0.42 minute. A 
typical chromatograph is shown in Figure 4. 
For Og and Ng in air determinations a column four feet 
in length was packed with 30 to 4o mesh Linde 5-A molecular 
sieves.^  Oxygen is separated from Ng in this column and OOg 
is irreversibly adsorbed. Argon which is normally 0.94# in 
dry air (22) is not separated from oxygen under these condi­
tions so a correction must be made. The column was operated 
at 4o°C. The inlet gauge pressure was 20 p.s.i., the outlet 
pressure atmospheric. The flow rate of helium was 52 ml. per 
minute. The detector current used was 200 ma. The retention 
time for Og and Ng was 0,62 and 1.7 minutes, respectively. A 
typical chromatogram is shown in Figure 5. For simultaneous 
P^urchased from Linde Air Products Company, Tonowanda, 
Hew York. 
Figure 4. (left) Typical chromatogi'am obtained In COg 
analysis 
Figure 5. (right) Typical ohromatogram obtained in Og 
and Ng analysis, showing the mechanical 
Integrator path 
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determination of O2» Ng and GOg a single column cannot be used 
because of a lack of a suitable solid phase packing material 
idiich vill separate all these gases. Therefore, a dual 
parallel column system as shown in Figure 6 was used which 
permits the passage of a portion of an injected sample into 
each of tvo flow paths. One flow path included column A and 
the other flow path Included column B. Column A was a 20 inch 
long 30 to 60 mesh silica gel column. Column B was a 4 foot 
long molecular sieve column. The molecular sieve column pack­
ing was not the regular pellets but a flour material dispersed 
on Chromosorb F.^  Bombaugh (6) found that this flour material 
gave better separation of Og and Ng with a shorter retention 
time than the widely used molecular sieve pellets. Column A 
was maintained at 100"C. inside the thermal compartment of 
the chromatograph. Column B was at ambient temperature just 
outside the thermal compartment. !Qie inlet gauge pressure was 
22.1 p.s.i. The resulting helium flow rate was 42 ml. per 
minute. The detector current normally used was 350 ma. Plows 
were adjusted to each column by use of a capillary restrlctor 
in the flow line immediately in front of the shorter column A 
and a needle valve at the end of column B. The restrlctor was 
a 6-inoh long stainless steel capillary tube with a 0.01 inch 
P^urchased from Chrom-Llne Laboratories, P.O. Box 1231, 
Kansas City, Missouri. 
CARRIER GAS 
INLET CAPILLARY RESTRICTOR 
DETECTOR 
COLUMN A 
SAMPLE 
INLET COIL 
NEEDLE VALVE 
RESTRICTOR 
CASE OF THERMAL COMPARTMENT 
COLUMN B 
Figure 6. Plow diagram of the dual column arrangement for simultaneous analysis 
of COg, Og and Ng. Column k - Silica gel; Column B - Molecular sieves 
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Inside diameter^  lAiioh slightly over-restricted the gas flow 
into column A lAien the needle valve was open but nhich allowed 
the flow through each column to be easily adjusted by the 
needle valve^  located outside the thermal compartment (Figure 
6). The flow was adjusted so that about two-thirds of the 
sample would go through column A and one-third through column 
B. A l/8-inch outside diameter copper tube coil 15 inches 
long was placed in the flow line between column B and the 
detector to allow the gas coming from column B to reach the 
temperature of the thermal compartment before entering the 
detector. 
For the simultaneous analysis of CO2» Og and Ng with 
this system only 3 minutes are required. Figure 7 shows a 
typical chromatogram. Pour peaks are recorded during this 
time. The first peak is unseparated Og and Ng coming from 
column A lAiich has a retention time of .19 minute. The 
second peak is OOg coming from column A lAich has a retention 
time of .92 minute. The third emd fourth peaks are Og and 
Ng coming from column B r^tiich have retention times of 1.61 
and 2.38 minutes, respectively. 
P^urchased ftom Microtek Instruments, Inc., 500 Oak 
Villa Boulevard, Baton Rouge, Louisiana. 
Figure 7. îiypical chromatogram obtained in simultaneous 
analysis of GOg, Og and Ng 
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Quantitative analysis of gases 
The peaks on a strip chart recorder are the only data 
available for quantitative analysis of a sample. Since the 
area under the peaks or the peak height Is used as a measure­
ment of the concentration of one or more gaseous components 
In a mixture, the accuracy of gas chromatography depends on 
the ability of the system used to yield separate, well defined 
peaks. 
Even though several factors, column temperature, flow 
rate, detector current, sample size, sample composition and 
column length Influence peak sizes, these factors can be con­
trolled and balanced so that peaks are well defined — provided 
that the solid adsorbent column packing material Is properly 
activated. The presence of water and/or OOg In the pores of 
adsorbentB caused the material to become Inactive resulting In 
poorly defined peaks (27). Silica gel was activated In the 
column, Tdien needed, by outgasslng at 350*0 for three hours. 
Molecular sieves were activated by outgasslng at 400*0 for 
three hours. Activation was needed Infrequently even though 
water vapor from the soil gas samples was not removed before 
Injection Into the column. 
The degree of precision of gas chromatography as an 
analytical tool depends on a number of factors irtxlch Influence 
peak sizes. First the carrier gas pressure, flow rate, 
temperature, and detector current must be constant before 
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precise peak sizes can be determined. It may take two to six 
hours after the instrument is turned on to allow these factors 
to become constant, k good indication that the instrument is 
equilibrated is a steady baseline at the least attenuation 
factor. A second important factor required for good precision 
is the use of a constant volume of gas for each sample. Such 
a sample can best be obtained by use of a syringe with a 
Chaney Adapter and by use of other techniques described 
earlier to obtain a constant volume of gas. A third factor 
and one lAich is least controllable is the rate of injection 
of the sample into the column. A rapid injection causes a 
higher, narrower peak than a slow injection of a sample be­
cause the gas components are distributed differently lAien they 
enter the column. The most desirable method found to inject 
samples at a constant rate was to inject them rapidly. The 
procedure used was to insert the syringe needle through the 
chromatograph septum, turn the Chaney Adapter to position for 
injection, and push the plunger down in about 1/4-second. The 
needle was not removed for three to five seconds after injec­
tion so that none of the sample was lost in the small volume 
of carrier gas idiich was found to escape from the chromato-
graph -Nhen the needle point emerges from the septum. A fourth 
important factor for precise quentitative analysis is accurate 
measurement of the peak size. 
The peak size was measured either by peak area or peak 
4o 
height. Generally peak height Is more quantitative for 
narrow, tall peaks and peak area Is more quantlatlve for 
short, wide peaks. Peak height was measured directly from the 
recorder chart. Peak area was measured from integrated signal 
valves recorded under each peak. 
For OOg determination in air from the single column 
system previously described, peak height was used as a 
quantitative indez of the amount of COg present in the sample. 
Measured peak height must be multiplied by the attenuation 
factor used for the resulting peak height to be used as the 
quantitative index. When peak height or peak area are here­
after mentioned it is the height or area measured from the 
recording chart multiplied by the proper attenuation factor. 
There was a direct proportionality found under constant 
instrument conditions between peak height and 00^  percent by 
volume for OO2 contents up to 5.03#. Figure 8 shows the 
relationship found between COg content and peak height as 
1 determined from five gas mixtures of known concentrations. 
This linearity between peak height and OOg content is in 
agreement with the findings of lysyj (38) yàio used standard 
gases up to 20% GOg. Since a curve of peak height vs. OO2 
concentration intercepts the origin, the slope of the curve 
can bs used to oompute unknown GOg concentrations. As a 
P^urchased from The Matheson Company, Joilet, Illinois. 
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result of this relationship, only one standard gas vas needed. 
The ratio of the Imovn GOg composition to the peak height vas 
determined for a number of sample injections of a standard 
gas. This ratio iras then multiplied by the unknow gas GOg 
peak height to obtain the unknowi GOg composition. This is 
the calculated composition of OOg in the sample, but this 
value needs to be corrected to a percent of GOg in the dry air 
of the sample since standard gases are dry and so that the 
results will be standardized and comparable with other data. 
Since, as found by Schofield (57), the relative humidity of 
the soil atmosphere is near saturation (98.85%) at 15 atmos­
pheres moisture tension, one can assume saturation vapor 
pressure for soils with moisture tensions below the wilting 
point without introducing any significant error. Saturated 
vapor pressure values were obtained from psyohrometric tables 
(42) for local pressure and temperature conditions. For most 
of the conditions encountered in the experiments of this 
thesis, 2.79# water vapor by volume was calculated for the 
water vapor composition. In this case the GOg percentage of 
dry air was calculated by multiplying the OOg percentage of 
moist air found from the peak times 1.0279, the part 0.0279 
of this last figure resulting from the water vapor figure. 
There was no indication within a day's analysis that water 
vapor irtiioh is adsorbed by the solid packing material in the 
columns caused any change in separation properties of the 
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column. As idll be shown later for the dual column analysis, 
OOg contents as low as atmospheric values (0.03#) can be 
accurately determined using this method. 
For Og and Ng determinations In air, peak area or peak 
height can be used. As can be seen from Figures 9 and 10, 
peak height Is not a linear function of the O2 and IS2 concen­
trations found from the analysis of six standard gas mixtures, 
but peak area Is directly proportional to Og and Ng concentra­
tions. This Is In agreement irlth the findings of van de 
Craats (69)• Therefore, If peak height Is used, a standard 
calibration curve using at least four standard gases must be 
prepared each day the Instrument Is used. If peak area Is 
used, however, only one standard gas 's needed for calibration 
purposes each day as was the case for OOg determinations. 
Thus It Is recommended that peak area be used for Og and Ng 
determinations. If a mechanical Integrator is not available, 
however, peak height may be the most desirable method to use 
in this case since it can be more rapidly and accurately 
measured. Corrections should be made for water vapor as 
discussed previously. 
For the simultaneous analysis of OOg, Og and Ng in the 
dual column system described, methods similar to those used 
in the single column systems can be used, e.g. peak height for 
COg and peak area for Og and Hg as compared to standard gas 
Figure 9. Calibration curves for Op, comparing peak area 
•with peak height 
Figure 10. Calibration curve for Np, comparing peak area 
with peak height 
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peak height or areas. 
Another possibility for quantitative analysis of the Og 
and Ng content from the Og and Ng peak areas of this simulta­
neous analysis is a calibrated area normalization method. 
Using this method requires the assumption that Og, Ng, A, and 
OOg compose 100.0# of the dry air in the sample and other gas 
components such as Hg, and CH^  compose less than 0.05#. There 
is no indication in the literature that this assumption is not 
valid for soil in which aerobic conditions exist. The need 
for using this normalization method is evident from Table 1 
which shows a comparison of the Og and compositions of a 
standard gas mixture as measured from 11 samples with absolute 
area and the area normalization methods. The standard devia­
tion for Og measurements was decreased from 0.368# to 0.095# 
and for Ng measurements from 1.210# to 0.095# by use of the 
normalization method. The reason for the larger standard 
deviation using the absolute area method is thought to be due 
to the inability to inject the gas sample into the chromatog­
raphic column at a constant rate. The Og and Ng contents 
measured in the way (Table 1) are usually either both higher 
or both lower than the standard value which indicates that 
either a slightly different amount of the sample enters column 
B upon each injection or the sample components become distrib­
uted in column B slightly differently after each injection 
because of the inability to Inject the sample at a constant 
Table 1. IQie OO2, Og and Ng percentages of 11 gas samples withdrawn from a 
standard gas mixture containing 0.93^  OOg» 21.4# Og and 77.7% Ng using 
various methods of peak size measurements 
O2 
"2 
AnAo Sample Peak Absolute Peak. Absolute Area Peak. Absolute Area 
number height helgtit area" area normali­ area® area normali­
method method zation method zation ratio® 
method method 
% % % % % 
1 228 0.92 610 21.5 21.4 2422 78.0 77.7 3.97 
2 230 0.93 626 22.0 21.5 2472 79.5 77.6 3.95 
3 233 0.94 590 20.8 21.2 2366 76.2 77.9 4.01 
4 232 0.94 608 21.4 21.3 2424 78.1 77.8 3.99 
5 231 0.93 602 21.2 21.5 2370 76.3 77.6 3.94 
6 228 0.92 614 21.6 21.5 2424 78.1 77.6 3.94 
7 231 0.93 590 20.8 21.4 2348 75.6 77.7 3.98 
8 232 0.94 612 21.5 21.5 2418 77.8 77.6 3.95 
9 232 0.94 608 21.4 21.4 2422 78.0 77.7 3.98 
10 230 0.93 610 21.5 21.4 2420 77.9 77.7 3.97 
11 230 0.93 620 21.8 21.4 2460 79.2 77.7 3.97 
standard 
deviation % 0.0077 0.368 0.095 1.21 0.095 
R^ecorder chart divisions. 
I^ntegrator counts. 
®The ratio A^ /Ao is the peak area for No divided by the peak area for Op 
(dimenslonless). 
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rate. These slight variations do not seem to influence the 
COg peak to a great extent (Sable 1), thus the usual peak 
measurements are adequate. 
Details of the area normalization laethod are as follows. 
Peak area is measured for Ng Og the usual way. The 
ratio of Ng peak area to 0^  peak area (A^ /A^ ) is then calcu­
lated. This ratio is not necessarily the ratio of the actual 
compositions because of differences in Ng and Og thermal con­
ductivities. This is shorn in Figure 11 irtiich shows the rela­
tionship between (A /^AQ) ratio and detector current. As the 
detector current increases the (A^ /A^ ) ratio was found to 
increase. This indicates the need for determining the (A^ /A^ ) 
ratio of a known standard each day the instrument is used. 
For a constant set of instrument conditions the (A^ /A^ ) ratio 
is constant for a known standard gas mixture. The known 
composition ratio (0^ /0^ ) is then calculated and divided by 
the (AJJAQ) ratio found for the standard gas mixture. The 
result is then multiplied times each unknown (A /^AQ) ratio to 
obtain the unknown (0^ /0^ ) ratio. After the COg concentration 
is calculated and corrected for moisture content the following 
formula is used to determine the uncorrected Og composition: 
 ^ 100.0# -
i v v '  
lAere the (OJ /^OQ) ratio is the unknown composition ratio. The 
calculated percentage of O2 and OOg is subtracted from 100.0% 
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Figure 11. Variation of the Hg ^2 9®*^ area ratio 
(AJJ/AQ) with detector current 
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to obtain the percentage. The Og values are then corrected 
for argon by subtracting 0,9^ % from the calculated Og value. 
Using this system, CO2 percentages as low as atmospheric 
can be accurately analyzed. Table 2 shows the results of a 
test to determine the composition of COg, Og and Ng In the 
atmosphere. The results are In good agreement with published 
values (22) of 0.03% for OOg, 20.99# for Og and 78.03% for Ng. 
Table 2. The COg, Og and Ng percentages of atmospheric air 
from 10 samples using gas chromatography 
Sample 
number 
Measured COg Measured Og Measured Ng 
* % % 
1 0.030 20.9 78.1 
2 0.029 21.0 78.0 
3 0.030 21.0 78.0 
4 0.031 20.9 78.1 
5 0.031 21.0 78.0 
6 0.030 21.0 78.0 
7 0.029 20.8 78.2 
8 0.029 21.0 78.0 
9 0.029 21.0 78.0 
10 0.030 21.0 78.0 
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Checks on gas sampling and analysis techniques 
An experiment was conducted to test the capability of the 
sampling probe and syringe system to withdraw and transfer gas 
of the composition of the medium from -ràiich it was withdrawn. 
A plexiglass cylinder 8 cm. in diameter and 30 cm. in height 
was filled with 0.2 mm. glass bead spheres and two gas 
N 
samplers were inserted to depths of 15 and 20 cm. A gas mix­
ture tdiich contained 2.Q5% COg was pumped into the bottom of 
cylinder and allowed to flow through the glass beads at a rate 
of 500 ml. per minute for an hour. Table 3 gives the results 
of 10 comparisons of the COg composition of the gas collected 
from the cylinder at 2 depths with the standard gas composi­
tion. The results agree to 3 significant figures and hence 
are considered in excellent agreement with the composition of 
the aerating gas. 
Another test was conducted to compare the composition of 
the soil gas found using the gas sampling probes described 
esrlier with the eompositlon found using gas reservoir 
sampling tubes such as those described by Shapiro et aJ. (59) 
and Tamagachi et al. (77). Gas reservoirs with volumes of 3 
ml. and 1.25 ml. were prepared by drilling holes of the 
appropriate diameter and length in small cubes of plexiglass 
material. The tops of the reservoirs were closed except for 
a small opening through "ffcich a capillary tube was inserted. 
One end of the capillary tube was located inside the reservoir. 
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Table 3. The measured CO2 composition of 1 ml. gas samples 
wlthdrami from an aerating gas mixture containing 
2.85^  OOg 
15 cm. depth 20 cm. death 
Sample number flOg Sample number COg 
1 
% 
2.84 1 
% 
2.85 
2 2.85 2 2.85 
3 2.85 3 2.84 
4 2.85 4 2.85 
5 2.84 5 2.85 
6 2.85 6 2.86 
7 2.86 7 2.85 
8 2.86 8 2.86 
9 2.84 9 2.85 
10 2.85 10 2.84 
Average 2.85 Average 2.85 
Kis capillary tube vas 16 cm. long ;Alch allowed ths end of 
the tube opposite the reservoir to extend above the soil sur­
face T^ en the reservoir was burled. A modified tubing union 
as described previously vas soldered to the end of the tube 
opposite the reservoir to serve as a septum holder so that 
gases could be removed with a syringe and analyzed with the 
chromatograph. An air dry Webster silty clay loam soil 
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material that had passed a 2 mm. sieve was used to fill four 
plexiglass cylinders lAiich were 6 inches in diameter and 12 
inches long. The resulting oven-dry bulk density of the soil 
was 1.25 gm./cm.^ . A layer of fine gravel 3 cm. deep was placed 
on top of the soil as an evaporation barrier. Two of each size 
of the gas reservoirs were buried in each container to a depth 
of 15 cm. and two gas sampling probes were also inserted in 
each container so that the eyes of the probes were at the same 
depth in the soil as the bottom of the reservoirs. The soil 
was then moistened to near saturation which was about 45% water 
by volume. The containers were weighed frequently to deter­
mine the amount of water that had evaporated. After a weeks 
period of equilibration, the OOg composition at the 15 cm. 
depth of each cylinder was determined on samples withdrawn 
from the reservoir samplers and the sampling probes. Samples 
were also withdrawn and analyzed five other times over a 
period of 35 days. During this time the soil was slowly dry­
ing and no water was added. The average soil moisture content 
for the four cylinders at the end of the 35 day period was 
28)( by volume. Table 4 shows the OO2 composition of samples 
removed from each type sampler under various air-porosity 
conditions. There was no significant differences found be­
tween the OOg removed from reservoir samplers and the probe 
samplers, even at the lowest air porosity value, These 
data demonstrate the abilities of the sampling techniques 
Table 4. A oomparison of the measured concentration of GOg obtained from three 
types of gas samplers at a soil depth of 15 cm. for several air porosity 
values, and for the samplers at txo locations 
00 2 composition 
Date OoltDon Air Probe 3 ml. reservoir 1.25 ml. reservoir 
number porosity Location Location Location 
1 2 1 2 1 2 
% % % % % % % 
12/ 9/63 1 8.3 3.61 3.47 3.54 3.43 3.43 3.43 
2 8.7 3.34 3 18 3.29 3.54 3.30 3.47 
3 8.0 3.16 3.18 3.54 3.21 3.08 2.70 
4 7.7 3.54 3.49 3.49 3.50 3.43 3.49 
12/13/63 1 8.4 2.83 2.79 2.79 2.66 2.71 2.68 
2 9.3 2.90 2.68 2.86 3.05 2.92 3.03 
3 8.2 2.73 2.92 3.0 2.86 2.93 2.90 
4 7.8 3.01 2.75 3.01 3.05 3.00 3.03 
12/17/63 1 10.4 2.35 2.31 2.28 2.33 2.33 2.33 
2 11.6 1.82 1.88 1.86 1.92 1.82 1.90 
3 10.1 2.07 2.07 2.39 2.18 2.05 1.90 
4 9.7 2.20 2.20 2.16 2.24 2.22 2.20 
12/21/63 1 12.7 1.28 1.21 1.28 1.25 1.21 1.28 
2 13.7 0.86 0.91 0.89 0.93 0.89 0.93 
3 12.0 1.30 1.30 1.61 1.30 1.25 1.30 
4 11.8 1.19 1.21 1.17 1.08 1.17 1.21 
Table 4 (Continued) 
OOg composition 
Sampler type 
Date Column Mr Probe 3 ml. reservoir 1.25 ml. reservoir 
number porosity Location Location Location 
1 2 1 2 1 2 
2 # % % % % % 
12/27/63 1 15.8 0.74 0.65 0.65 0.65 0.65 0.64 
2 17.0 0.50 0.43 0.52 0.56 0.20 0.52 
3 15.3 0.74 0.78 0.69 0.76 0.78 0.84 
4 14.6 0.61 0.63 0.56 0.60 0.63 0.61 
1/14/64 1 25.3 0.10 0.10 0.10 0.10 0.10 0.10 
2 25.6 0.10 0.10 0.10 0.10 0.09 0.10 
3 24.0 0.12 0.12 0.13 0,12 0.12 0.13 
4 22.1 0.11 0.11 0.11 0.12 0.11 0.11 
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lAloh irere developed and also indicate the uniformity of the 
gas composition of a uniform soil at a given depth. 
A test was also conducted to determine the influence of 
sample size on the resulting GOg composition of the soil gas. 
The test vas conducted on the soil material and with the same 
samplers described above In the experiment comparing sampler 
types. The need for and Interest in this type of test will 
appear in the Discussion. Three of each of the three type 
samplers were chosen at random from lAloh larger volumes of 
gas would be removed than usual. The gas was sampled and 
analyzed on the 8th day of the 35 day analysis period. On 
this day the air porosity was approximately 0.10. Five con­
secutive 1 ml. samples were withdrawn from each sampler and 
analyzed for GOg. The samples were removed at the rate of 
one per minute. After the first five samples were withdrawn 
and analyzed, a 5 ml. volume of gas was withdrawn and dis­
carded, after which a 1 ml. sample was removed from the 
sampler and analyzed. This procedure was continued until a 
total of 23 ml. of gas had been removed in a period of sight 
minutes. The GOg composition found from each consecutive 
sample is presented in Table 5 for each of the nine samplers 
chosen. These data show no general trend in an expected 
decrease (or an Increase) in GOg as a larger volume of gas is 
withdrawn. Die largest change found was in gas removed from 
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Table 5. The Influence of sample size on the measured OOg 
composition of soil gas obtained from three types 
of gas samplers at the 15 cm. depth 
COg composition 
Sampler type 
Volume of gas Probe 3 ml. reservoir 1.25 ml. reservoir 
withdrawn 
milliliter % % % 
Soil Column I 
1 2.39 2.37 2.37 
2 2.41 2.41 2.37 
3 2.41 2.41 2.39 
4 2.41 2.41 2.37 
5 2.41 2.41 2.37 
11 2.43 2.41 2.39 
17 2.43 2.41 2.39 
23 2.43 2.43 2.39 
Soil Column II 
1 1.92 1.90 1.80 
2 1.84 1.90 1.78 
3 1.97 1.90 1.82 
4 1.97 1.88 1.82 
5 1.82 1.78 1.82 
11 1.95 1.88 1.82 
17 1.95 1.96 1.86 
23 1.95 1.86 1.84 
Soil Column III 
1 2.05 2.92 2.39 
2 2.05 2.69 2.43 
3 2.05 2.54 2.07 
4 2.03 2.31 2.03 
5 2.18 2.35 2.33 
11 2.18 2.56 2.03 
17 2.03 2.28 2.03 
23 2.16 2.12 2.03 
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reservoir sampler 3 lûiich decreased in OOg composition from 
2.92# for the first ml. removed to 2.12%! for the 23rd ml. 
removed. The largest difference found using the probe sam­
plers was an increase from 2.05# OOg to 2.16% COg after 23 
ml. had been removed. 
Measurement Procedures for Diffusion and 
Activity Coefficients 
Soil diffusion coefficients were measured using a method 
similar to one presented by Taylor (64). The diffusion of Og 
Into Ng was used. These gases have similar dlffusivitles and 
have low solubilities in soil water. Also, Og and Ng are not 
appreciably sorbed by moist soil (shown by Runkles et al., 
53). Using this method the composition of 0^  through the soil 
sample decreases during the test causing a decrease in the 
nitrogen content of a chamber connected to the soil core tAiich 
initially contained 100% Ng. 
The equipment used to make the diffusion measurements 
Tras a special diffusion chamber, a Beckman oxygen analyzer, 
a gas circulation pump, a tank of compressed Ng, and a brass 
soil core sampler idiich fits on top of the chamber. The 
arrangement of the equipment is shown in Figure 12. 
Two features of the diffusion measuring equipment were 
modifications of the type equipment used by Taylor. One 
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Figure 12. Diffusion chamber and associated principal parts 
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modification was an electric air pump lAiich was used instead 
of a rubber suction bulb to circulate gas from the chamber 
through the analyzer and back into the chamber. Since the 
pump was placed inside the chamber and since teflon tubing 
was used to make connection with the analyzer the possibility 
of gas leakage by diffusion due to the analyzer connections 
and circulating mechanism was minimized. Die pump was the 
type used in fish tank aeration (purchased from an aquarium 
supply store) "tdxlch was equipped with a valve to regulate the 
gas flow rate. Electrical connections to the pump were made 
through a hole in the container. After the connections were 
made the hole was sealed with wax material to prevent possible 
leakage. The second modification was the addition of an 
evaporation reducer, shown in Figure 12, lAiich fit over the 
top of the soil core. This was needed to effectively reduce 
evaporation from soil cores while diffusion measurements were 
being made. Since the diffusion coefficient has been shown to 
depend on air porosity, any change in porosity caused by 
evaporation could appreciably influence the results. For 
example, a weight loss of one gram of water from the soil 
during the run would cause an approximate air porosity dif­
ference of over 1 percent idien using a core of approximately 
70 ml. volume. If the air porosity of the soil was near the 
critical 0.10 value, this error could cause a significant 
change in the diffuslvity of the core. Gradwell (18) noted 
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a loss of as much as 1 gram from his cores during a run. The 
evaporation reducer was made from a plexiglass cylinder having 
at its "base another smaller plexiglass cylinder which had an 
inside diameter which fit firmly around the soil core. A 
brass wire screen was located 1 cm. from the bottom plexiglass 
cylinder. The purpose of this screen was to support a single 
layer of moistened ceramic chips. These chips were approxi­
mately 0.75 cm. in diameter. The vapor from the moistened 
chips reduced the evaporation from the soil core. The chips 
were moistened before each run a constant weighed amount. The 
chips caused a greater impedance to diffusion since diffusion 
probably took place only between the chips, but the use of 
this method automatically corrects for any extra impedance, 
if the diffusion coefficient measurements DQ, made without 
soil in the brass soil core sampler, are treated exactly as 
the diffusion coefficient measurements D made with soil in 
the brass soil core sampler. 
Other procedures and equipment used in measuring the 
diffusion coefficient D were similar to those presented in 
the literature (24, 52, 64). Using the oxygen analyzer, 
readings of O2 concentrations expressed as volume percent of 
Og in the chamber were made at measured times for a period of 
at least 30 minutes or until the Og composition of the chamber 
had reached 3% to 5%» On soils with low air porosity, this 
frequently required four or more hours. Pour hours was the 
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maximum time used for a run, regardless of the oxygen concen­
tration on the chamber. 
The values of log Cq/^ ^o " ' ^ ere c is the measured Og 
in the chamber and c^  is the Og concentration in air outside 
the chamber, were plotted against time. The slope of this 
linear curve was taken as the value of D for the unitless 
expression D/Dg. 
Soil activity coefficients are more difficult to obtain 
than diffusion coefficients. The activity of the soil is nor­
mally considered to be the rate of production of OOg caused by 
soil respiration. As van Bavel (67) has pointed out, the mean­
ing of activity is more general than just GOg production and 
may be a function of soil dejth, as shown by Stoklasa (61), and 
caused by any process in the soil in which gases are absorbed 
or released. In a soil system in \diich no plant roots are 
growing, in lAiich the soil has an abundant supply of oxygen 
and in which the soil temperature is approximately constant, 
OOg production should account for most of the activity. 
Most measurements of the COg production of soils have 
been made either by measuring the rate of production of small 
volumes of soil in which different treatments were compared, 
or by measuring the production rate per unit area of soil in 
a field. Neither of these methods adequately describes the 
activity of the soil throughout the profile. These methods 
do measure the total of all the OOg production taking place 
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in a soil. 
In the experiments of this thesis the OOg production rate 
of a soil was measured by constantly flushing a stream of 
moist air of known OOg concentration over the surface of a 
closed container of soil and measuring the OOg concentration 
of the outflowing air at measured time intervals. The equip­
ment used is shown schematically in Figure 13. 
At A, in Figure 13, a stream of air enters a gas pressure 
regulator B which maintains a constant air pressure upon the 
needle valve 0 and the remainder of the GOg absorption train. 
The needle valve C is used to adjust the rate of air flow 
through the system iriiich is measured with a soap bubble flow 
meter J located at the end of the train. Air entering flask 
D is partially saturated by bubbling through water and then 
enters the top of a soil column F in lAiich gas sampling probes 
E are present. The air stream passes over the top of the soil 
in this column F into tubing connected to a dryer G. The air 
stream, which now contains the additional COg produced in the 
soil, passes through an indicating CaSO^  dessicant in the 
dryer G. The dry air stream then enters a Nesbitt absorption 
bulb I containing Mikohbite^  which absorbs the OOg passing 
through it. After passing through the flowmeter J, the COg 
free air stream is eluted to the atmosphere. A water manome-
P^urchased from the G. Frederick Smith Chemical Co., 
Station D, Box 5906, Columbus, Ohio. 
Figure 13. Apparatus for measuring soil COg production; A, air inlet; B, 
gas pressure regulator; 0, needle valve; D, air saturation 
flask; E, Gas sampling probes; F, soil column; G, drying tube; 
H, water column manometer; I, OOg absorption bulb; and J, soap 
bubble flowmeter 
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ter H measures the total pressure difference between the top 
of soil core P and the atmosphere. This pressure difference 
is caused by the resistance to flow of the solid material in 
the drying tube and absorption bulb. The pressure difference 
is measured to assure that it is small (less than 1 cm. of 
water column). The absorption bulb can be weighed on an 
analytical balance to determine the amount of CO2 produced. 
Use of this OO2 absorption train requires that a deter­
mination of the GOg content of a blank stream of air which did 
not pass over a soil also be measured. The difference is 
taken between the amount of OO2 absorbed from the air stream 
passing over the soil and the blank stream to determine the 
actual amount of OOg produced. For the blank stream determi­
nation the air stream was passed over a container holding dry 
gravel, replacing the soil column P. 
An air stream flow rate of 100 ml. per minute was used 
throughout the test. This flow rate caused a resulting 0.5 
cm. water pressure on the inside of the soil container. This 
small pressure, less than 1 cm. of water column, was con­
sidered to be insignificant in affecting the diffusion of 
gases near the soil surface. The absorption bulb I was 
connected to the COg absorption train at all times except 
lAiile being weighed. It was weighed three times daily dur­
ing a run. The result was then calculated, using the dimen­
sions of the soil core, to a figure which expressed the 
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weight of COg produced In milligrams (mg.) per unit area of 
soil per second. The soil activity was measured on soli co 
to be described later. 
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RESULTS 
Results on Laboratory Soil Columns 
In this section results of the measured distribution of 
OOg; and Og and Bg concentration with depth in laboratory soil 
columns are presented. Results of measurements of diffusion 
coefficient ratios D/D^  and of activity coefficients A for the 
soil in these columns are also presented. In connection with 
the results, further description of the soil columns is given 
along with a fuller description of some of the procedures. 
Description of soil columns 
The soil material used in these investigations was a 
Webster clay loam taken from the surface 8 inches of plot 
number 1035 at the Iowa State University Agronomy Farm located 
3 miles south of Ames, Iowa. The soil material was air-dried, 
ground, passed through a 1 mm. sieve and thoroughly mixed 
before use. It was then stored in a closed container until 
used. 
Plexiglass cylinders were used to make the soil columns. 
The features of the columns, which were cut to lengths 
desired, are shown schematically in the single column of 
Figure l4. Two type columns were used. The first type con­
sisted of short columns T&ich were 10 inches long and 5 inches 
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Figure l4. Soil column and associated principal parts 
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In diameter. The second type consisted of long columns 4 
inches in diameter, and lengths of 60 inches and 4o inches. 
These longer columns were equipped vith mall outlet tubes at 
the bottom for water drainage. 
All the columns had plexiglass tops lAiich were sealed in 
place with a wax material to prevent leakage. The top part 
of the columns had three openings, an air inlet, an air outlet 
to a OOq absorption trap and an opening to a water manometer. 
Soil gas sampling probes were inserted through l/16-inch. holes 
drilled in the side of the columns at various soil depths. 
The probes were inserted so that the eye would be approxi­
mately in the center of the columns. After the probes were 
inserted a wax material was placed around each probe tube at 
the cylinder wall to prevent leakage. 
The short columns, •rfien filled with soil material, were 
used to determine the depth distribution of gas components 
in a homogeneous soil with constant moisture content through­
out the profile. Soil materials were prepared by mixing 60)( 
sand in one experiment and 20% sand in another experiment with 
the soil described. The desired amount of water was added to 
the soil and thoroughly mixed using an electric mixer. The 
moist soil was then placed in the plexiglass cylinders as 
uniformly as possible and compacted to the desired density. 
This resulted in soil materials having various constant air-
porosity values from lAiioh diffusivities could be inferred. 
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Pour columns were prepared -with the following properties; 
S0% sand, 0.389 air porosity 
60^  sand, 0.174 air porosity 
20j( sand, 0.462 air porosity 
20^  sand, 0.210 air porosity. 
The soil depth in all the short columns was 24 cm. A moist 
stream of air passed over the soil surface for a seven day 
equilibration period before any activity or composition 
measurements were made. Then the OOg absorption train was 
used to measure the amount of 00^  produced in each column. 
After two days of activity measurements, the composition of 
Og, Ng and OOg was determined for each depth in the columns. 
Samples of gas withdrawn from selected probes were analyzed 
on the next two days to check if any significant compositional 
changes were occurring. Activity measurements were also made 
on these days. At the end of the test the soil material was 
removed from the cores and checks made on the moisture content 
throughout the core. 
The longer columns, irtien filled with soil material, were 
used to determine the depth distribution of gas components in 
a homogeneous soil with a moisture gradient throughout the 
profile. For these tests only soil was used and no sand. Air 
dry, sieved soil, previously described, was uniformly packed 
into three columns. The soil weight was determined and three 
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columns packed to the same bulk density of 1.16 gm./cm.^ . The 
soil depth in two of the columns was 150 cm. and the soil 
depth in the other column was 92 cm. A layer of gravel 2 cm. 
deep was placed on top of the soil to reduce surface evapora­
tion. Gas sampling probes were inserted into the soil from 
the side of the column so the eye of the needle was in the 
center of the core. The probes were placed at depths in 2 cm. 
intervals from the surface to 10 cm., in 5 cm. intervals from 
10 cm. to 30 cm., and in 10 cm. intervals to the bottom of the 
cylinder. Water was added to the soil through the drain tubes 
in the bottoms of the soil columns until the soil was satu­
rated. The drain tubes were then opened to allow water not 
held by the soil to be removed. After five days of draining 
the drain tubes were plugged. A stream of air with an approx­
imate flow rate of 25 ml./min. was passed over the soil sur­
face for a 90 day equilibration period. Oarbon dioxide 
production rates were then measured according to the pre­
viously described method and the COg, Og and Ng compositions 
determined from samples removed from the various depths. Gas 
withdrawn from selected samplers was analyzed on the next two 
days to ascertain the assumed steady state conditions. At the 
end of the test, holes were drilled in the walls of the plexi­
glass cylinders at 10 cm. intervals, and soil samples were 
removed for moisture determinations. As moisture distribution 
in the soil columns governs diffusion rates, moisture release 
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curves for the soil material in the soil columns were obtained. 
Ihese moisture release curves were obtained for soil 
materials packed into small brass cores so that their bulk 
densities were similar to those of each of the soils in the 
60J^  sand cores, the 20% sand cores, and the long 100% soil 
cores. The moisture content was determined as a function of 
applied tension for several pressure potential intervals by 
using pressure cells^  similar to those described by Reglnato 
and van Bavel (Ag). The average moisture content at various 
pressure potential Intervals of five soil core replicates was 
determined. The results are presented in Figure 15. The 
100% soil cores held more water at the pressure potential 
intervals than the soil containing sand fractions. 
Depth distribution of gas components 
The gas composition of the soil material in the different 
soil-sand mixtures and different air porosities is given in 
Figures 16 and 17 for various soil depths. Data for these 
figures are given in an Appendix table. The continuous curves 
found in figures 16 and 17 are theoretical curves. They will 
be discussed In a later section comparing diffusion theory 
with the measured gas composition. Figures 16 and 17 show an 
P^urchased from Sollmolsture Equipment Co., 3005 De La 
Tina Street, Santa Barbara, Oallfomia. Cat. no. lAoo. 
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Figure 16. Depth distribution of OOg in soil columns containing 60% sand 
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increase in the GOg percentage of all soil cores as the depth 
of sampling increased. Tbe effect was more distinct on the 
soils with less air porosity. The highest 00^  percentage 
found was in a soil material ^ riiich contained 60^  sand and 
Triiich had a measured air porosity value of 0.174. In both 
the 60^  sand and the 20^  sand mixtures the composition of OOg 
in the columns with high air porosity was close to the atmos­
pheric value, 0.03% even at the lowest depth measured. Compo­
sitions determined for two days after the data from Figures 16 
and 17 were collected showed no significant change in composi­
tion, indicating a steady state condition could be assumed. 
The variation with depth of the gas composition of the 
soil material in the longer columns (columns having variable 
moisture content with depth) is given in Figures 18, 19 and 
20. Data for these figures are in an Appendix table. 
Figures 18, 19 and 20 show an increase in OOg with depth 
and a decrease in Og with depth for these soil columns which 
had air porosity values ranging from about 0.30 near the soil 
surface to about 0.10 at the bottom. Figures 21, 22 and 23 
show the linear air porosity distribution with depth found for 
each of the three soil columns of Figures 18, 19 and 20 
respectively. In these columns fihen the air porosity is 
approaching the critical value of 0.10, deep in the profile, 
there is, as was the case in cylinder I, a complete removal 
of Og and a large increase in OOg. In cylinder I (see Figure 
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18) where no Og was found at the 72 and 82 cm. depth there 
was a significant measured amount of methane present, (this 
chromatographic process separates and detects methane lAien It 
Is present) a decrease In the usually constant Ng composition, 
and an extra high COg composition of about 25%. These are 
caused by anaerobic conditions present In soils In which an 
Insignificant amount of gas diffusion occurs. The composition 
of Og and OOg did not change significantly for two days, again 
Indicating steady-state conditions. 
Relation of diffusion coefficients to air porosities 
Diffusion coefficients were determined as a function 
of air porosity for each of the three types of soil mate­
rials used. Soil cores that fit the diffusion chamber 
were prepared with bulk density properties similar to those 
used In the soil columns, but with various moisture contents. 
The desired quantity of water was thoroughly mixed with the 
soil material using an electric mixer before packing each 
column. Soil cores with air porosity less than 0.10 to more 
than 0.50 air porosity were prepared and dlffusltles deter­
mined using the previously described method. Figure 24 shows 
the relationship between air porosity and D/DQ for the 60% 
sand material similar to that used in two of the short 
columns. The relationship is a linear one for air porosity 
values greater than about 0.25. The diffusion-air porosity 
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Figure 24. Relation between the diffusion ratio and air porosity for 
soil columns containing 60% sand 
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relationships are not clearly defined for air porosities 
between 0.05 and 0.15, but a curve was estimated from the data 
which would be more descriptive of the soil than to set a cut 
off point from the linear curve where D/D^  would be considered 
zero. Figure 25 shows the air porosity-D/DQ relationships for 
the 20% sand mixture. The curve is similar to that of the 60% 
sand with a slight difference in the slope of the curve and 
D/DQ intercept. Figure 26 is a plot of for soil material 
without any sand addition. The three curves found (Figures 
24, 25 and 26) are similar to the curve summarized from 
experimental data by Wesseling (76) and Wesseling and van 
Wijk (74, p. 468). 
Activity coefficients 
The total GOg production rates ?diioh were determined from 
each of the laboratory prepared columns by use of the pre­
viously described OO2 absorption train are given in Table 6. 
The values are in fairly good agreement with OOg production 
rates found in the literature (Lundegardh, 35, 36 and Romell, 
51). Since the temperature was constant throughout these 
tests, only soil moisture content and Og supply should have 
caused the differences found in the production rates. Notice 
that there is likely an optimum moisture content, at constant 
temperature, for OOg production since soils of greater 
moisture produced less COg than drier soil, but a completely 
Figure 25. Relation between tb/s diffusion ratio D/Dq air porosity for 
soil columns containing 2Q% sand 
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Figure 26. Relation between the diffusion ratio D/D^  and air porosity for soil 
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Table 6. The COg production rate of three soil materials at various air porosities 
OOg production rate 
(mg. cm.sec."^  % 10"'^ ) 
60% sand 20f( sand 100^  soil 
Air Air Air Air Cylinder Cylinder Cylinder 
porosity porosity porosity porosity I II III 
0.174 0.389 0.462 0.210 
11.5 7.0 10.3 5.2 5.7 5.3 1.1 
13.7 11.0 8.0 2.9 6.3 7.2 1.8 
7.8 7.8 11.3 3.4 7.0 6.9 1.2 
7.4 5.6 12.6 3.5 8.3 7.0 1.7 
10.4 6.0 11.8 4.1 7.0 7.8 1.4 
10.1 9.3 10.8 3.8 7.8 7.8 1.1 
7.9 9.2 
4.3 7.4 
4.6 8.7 
Average 
8.63 8.01 10.80 3.82 7.02 7.00 1.38 
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dry soil woiild be practlc&lly inactive. Waksman (73) has 
Indicated that there is an optimum moisture content for 
maximum OOg production. 
Comparison of Laboratory Results with Theories 
Since diffusion is generally considered to be the 
principal process responsible for maintaining the soil atmos­
phere in a condition suitable for plant growth, soil aeration 
theories must be based on the diffusion process. The theories 
must include three physical quantities, namely, the composi­
tion of the gases, the rate of diffusion of gas into air in 
the medium under consideration and the rate at which gases are 
consumed or liberated in the soil. These three quantities are 
necessary for the description of soil aeration as a diffusion 
process. Diffusion theories have been presented by van Bavel 
(65, 67, 68), Wesseling (76), Wessellng and van Wljk (74) and 
Ourrle (15a). 
Diffusion of gas through a porous medium takes place 
according to the equation (Orank, 11 and Runkles, 52) 
22=1, A+i [3] 
at 3x2 
where c = concentration of gas in volume percent {cm.^/cmP) 
t = time in sec. 
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X = distance In cm. (depth) 
D = coefficient of diffusion In cm.^ /sec. 
A = amount of gas produced or absorbed per unit time 
and volume [ (om.^ /cm.^ )/8ec. ]). It Is taken as 
negative In the case of absorption and positive 
In the case of production. A may be a function 
of X. 
Since the changes In moisture content of soil are gener­
ally slow, as compared to the time In irtilch the air In the 
upper layer of soil Is changed by diffusion, the aeration of 
soil may be described by the equation for steady state diffu­
sion 
4 = - 5  
For the problem of soli aeration, when there Is a layer 
Impermeable to gas penetration at depth L, this equation Is 
subject to the following boundary conditions for homogeneous 
profiles: 
c = C- when x = 0 
" [5] 
32= 0 •(dien x = L 
0% 
lAere CQ is the concentration of the gas in air at the soil 
surface. Solutions of Equation 4 are, therefore, dependent 
on A, D, L and CQ, all of idiich must be measured if the 
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solution Is to be compared with experimental data. 
The laboratory soil columns containing sand-soll mixtures 
were prepared so that the quantities A, D/D^  and c^  could be 
measured and held constant. The quantity, L can be taken as 
the depth to the bottom of the soil solumn. The solution to 
Equation 4 can be obtained by direct Integration. The first 
Integration yields, If A and D are assumed constant with depth 
(as well as time), 
az 
T^ ere Is a constant of Integration. Making use of the 
second boundary condition given by [5], 
Il = IT 
the second Integration yields 
0 = - 25~ * + Igr 
Making use of the first boundary condition given by [ 5], the 
solution to Equation 4 Is 
A/t-
= Co + - %-) C^ I] 
For this solution to be valid the soil activity A and dlf-
fuslvlty D must be Independent of depth z and time t. In the 
laboratory columns In which the air porosity was constant 
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throughout the profile, D would be a constant. It Is not 
known from measurement If A Is truly a constant and not a 
function of depth, but since dlffuslvlty was constant, and the 
OO2 composition low throughout the profile, there Is no reason 
to believe the OOg production values measured could not be 
considered equally distributed throughout the profile. 
Wessellng (76) and Wessellng and van jk (74) have given 
solutions to Equation 4 for A as a function of depth from an 
assumed relationship 
A, = A„[l- [7] 
where = the OOg production rate at depth x 
= the OOg production rate In the top layer. 
To compare laboratory results with this theory, the 
measured parameters A, D and L were substituted Into Equation 
6 and evaluated for several values of x. The activity values 
given in Table 6 were multiplied by a constant, 57.34^ , which 
converts the 00^  production units to composition units in 
percent for local temperature and pressure. The value of D 
T^he constant 57.34 was obtained by dividing the molar 
volume at 73.5 cm. Hg and 24*0. by the molecular weight of 
OOg and multiplying the result by 100. The molar volume was 
calculated from the coefficient of expansion of OOg as given 
in reference 22, page 2068 and corrected for local temperature 
and pressure. 
91 
is calculated from the air porosity-diffusion curve, taking 
DQ as 0.157 cm.Z/sec.l 
The theoretical composition of COg with depth is plotted 
in figures already presented showing the actual depth dis­
tribution of CO2 (Figures 16 and 17). For the soil material 
containing 60% sand (Figure 16), the OOg depth distribution 
was in fairly good agreement with the theory for the soil 
column with 0.389 air porosity, even though all the experi­
mental points below the surface contained less OOg than was 
predicted. The theoretical depth distribution for OOg in the 
soil column containing 60% sand and 0.174 air porosity was 
considerably different than the actual depth distribution 
found for COg, the theoretical OOg composition being higher 
than the measured COg composition. This difference is thought 
to result from an inability to accurately measure air porosity 
versus D/D^  especially for values where the soil has porosity 
values near the critical value 0.10. The air porosity dif­
ference needed to make the theoretical and experimental curves 
coincide is only 0.02 (0.194 - 0.174). A theoretical curve 
(dashed line in Figure 16) for porosity 0.194 fits the experi­
mental data reasonably well. The shapes of the curves of 
Figures 16 and I7 agree with shapes given by Vesseling and van 
D^iffusivities of gases vary with temperature. Reference 
25, page 63 gives an equation for determining the Dq value to 
use at any temperature. 
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(74; p. 469) for some different diffusion and activity 
parameters than those used here. 
The theoretical composition with depth for the 20% sand 
columns compares favorably with the measured compositions 
(Figure 17) for both air porosity values, 0.210 and 0.462. 
The solution of the diffusion equation for the depth 
distribution of OOg and Og in the long columns (idiioh had 
moisture variation with depth) is a more difficult problem. 
Eo theoretical expression could be found that agreed with 
experimental data. There are three difficulties in finding 
a theoretical solution. The first difficulty is the lack of 
a distinct depth from which to choose L. The bottom of the 
cylinder did not necessarily define L because gas movement 
could stop at a smaller depth than L if the pores were blocked 
with water. The second difficulty is a lack of an adequate 
expression for soil activity as a function of depth. Since 
OOg production in soil depends on moisture, gas composition 
and temperature (Waksman, 73) the activity coefficient would 
be expected to be quite variable for moist soil at different 
depths and, since there is an optimum condition for GOg 
production, a mathematical expression relating activity to 
depth might be of the 4th or 5th degree. The third difficulty 
is the functional relationship between diffusion and depth. 
When diffusion is variable, solutions must be obtained for the 
differential equation 
93 
M ]  =  -  ^  [ 8 ]  
Instead of Equation 4. Even though van Bavel (67) and 
Wesseling (76), using assumptions not verified by measurements, 
considered cases in which D and A varied with depth in their 
solutions to the diffusion equations, the shape of their depth 
distribution curves do not agree with the measurements of 
these experiments. 
van Bavel (67) and Wesseling (76) dealt with some of 
these difficulties by assuming theoretical relationships for 
the variation of D and A with depth. The slopes of the 
theoretical curves resulting from their assumptions did not 
agree with the slopes seen In Figures 18, 19 and 20, The 
slopes in Figures 18» 19 and 20 are concave upward. The 
slopes given by van Bavel (67, Figure 4) and by Wesseling 
(76, Figures 3 and 4) are concave downward, van Bavel's and 
Wesseling's assumed physical situations (diffusivities and 
activities were taken to be step functions with depths, etc.) 
did not agree with the situations of the soil columns of the 
present work. A theory for the situation of this type work 
remains to be developed. 
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Results on Cultivated Field Soil In Place 
In this section the results of the measured distribution 
of OOg concentration with depth In a cultivated field soil 
as Influenced by tillage treatments Is presented. Results of 
measurement of diffusion coefficient ratios D/DQ, moisture 
desorptlon curves,bulk densities, air porosities, organic 
matter contents and moisture contents at 1 atmosphere of 
applied moisture tension to soil samples Influenced by tillage 
treatments are also presented. In connection with the field 
results a description of the field experiments will be given 
along with details of some of the measurement procedures used. 
Description of field experiment 
The field experiment was conducted during the summer of 
1963, on a part of an established com tillage experiment on 
plots In field number B-2 at the Iowa State University 
Agricultural Engineering Farm located 4 miles south of Ames, 
Iowa. The corn tillage treatments had been continuously 
applied for five years previous to 1963. The treatments of 
the complete experiment Included five methods of seedbed 
preparation as follows; 
A. Disk and harrow (normal method used by many farmers) 
B. Cultivator In front of planter 
C. Rotary hoe In front of planter 
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D. Disc only 
S. No tillage 
Imposed on each of the seedbed preparation method treatments 
were four weed control treatments, three of lAiloh were chemi­
cal weed control agents. The treatments for the complete 
tillage experiment were: 
1. Slmazlne chemical weed control @ 3 lbs./acre 
2. Atrazlna chemical weed control @ 4 lbs./acre 
3. 2,4-D chemical weed control @ 4 lbs./acre 
4. Normal cultivation 
Thus for the complete experiment there were 20 different 
treatment combinations. For each treatment combination there 
were four replications in randomized complete blocks. The 
part of this complete tillage experiment used in these aera­
tion studies consisted of 5 treatment combinations of replica­
tion (block) 4. The five treatment combinations were: 
Treatment 1. No tillage; 2,4-D weed control 
Treatment 2. No tillage; weed control by normal 
cultivation 
Treatment 3. Normal tillage (disc and harrow); weed 
control by normal cultivation 
Treatment 4. Normal tillage (disc and harrow); Slmazlne 
weed control 
Treatment 5. No tillage; Slmazlne weed control. 
The soil of the plots considered was a Webster clay loam lAlch 
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contained approximately 30^  sand and JO^  slit and clay. There 
was adequate soli moisture availability throughout the 1963 
growing season and the climatic conditions were favorable for 
good corn growth. There was a 1 to 2 percent slope In the 
field -ïdiere the chosen treatments were located. 
The gas chromâtograph was moved to the field and set up 
In a trailer house which was located near one end of the plots 
to be studied. One hundred twenty gas sampling probes were 
made so that the composition of the soil atmosphere at 4 
depths could be studied. The depths chosen were 3-ln., 6-ln., 
9-ln. and 12-ln. Six gas sampling probes were Inserted In the 
soil at each depth for each treatment. The probes were 
located about 15 feet apart In all five of the treatments. 
Figure 27 shows the position, In the row, of a group of probes 
at the 4 depths. The probes were located between rows 3 and 
4 of the plots. There were 6 rows in a plot. 
Soil aeration measurements as Influenced by tillage 
Gas composition The OOg composition of the soil air 
was determined on two dates. As the laboratory tests with 
soil cores have Indicated, (see Figures 18, 19 and 20), theie 
Is a close correspondence between an Increase In OOg and a 
decrease In Og In the soli air, the Ng composition remaining 
approximately constant throughout the soil profile. Therefore, 
In these studies only COg determinations were made, since only 
CORN PLANT 
SOIL SURFACE 
<-GAS SAMPLING TUBE 
POSITION OF GAS SAMPLERS IN FIELD SOIL 
Figure 27. Gas samplers as usad in the field experiment 
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about one third of the time used for the simultaneous analysis 
was needed, or about one minute per sample. Samples were 
removed with a syringe, using the procedures described 
earlier, transported to the chromatograph and immediately 
analyzed. The two gas sampling and analysis dates were August 
12-13 and September 19, 1963. 
On August 12 and 13, 1963, there were four separate and 
complete analysis runs for the 3- and 6-inch depth samples and 
one run for the 9- and 12-inch depth samples. The runs were 
made at approximately equal time intervals over a period of 
22 hours. The purpose of the four runs at the 3-inch and 
6-inch depths was to determine if there was any diurnal 
variation in the composition of the soil gas. For determina­
tions during the night a portable generator ;A.ich furnished 
power for lights at each treatment was used. The soil 
temperature varied throughout the 22 hour period at the 3-inch 
depth from 71*F. to 77*F. and at the 6-inch depth from 72*?. 
to 75°P. The temperature at the 9- and 12-inch depths was 
approximately 74®P. 
Soil moisture contents for each plot were determined 
gravimetrically from samples near the gas sampling sites at 
the soil surface and at the 3-, 6-, 9-» and 12-inch depths. 
The moisture values are given in Table 7» r^iiere each entry 
(except those marked "average") represents the values of 4 
composited soil samples. 
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Table 7. Soil moisture contents of 5 tillage treatments at 
5 depths on August 12-13, 1963 
Treatment number 
Depth 1 2 3 4 5 Average 
(inches) wt. # Wt. # wt. # wt. # wt. # 
Surface 20.7 20.6 18.4 16.7 17.4 18.76 
3" 23.9 23.8 22.1 19.0 19.2 21.60 
5" 24.4 22.7 23.7 19.5 21.3 22.32 
9" 26.6 24.2 23.9 20.5 21.0 23.24 
12" 26.2 22.3 22.8 20.0 20.4 22.34 
Average 24.36 22.72 22.18 19.14 19.86 
The composition of OOg found in the soil atmosphere at 
various depths on August 12 are given in Table 8- At the 
three inch soil depth, significant differences were found in 
the OOg composition for all 4 analysis times. Treatment 1 
always had the lowest values. Table 8 also shows multiple 
comparison tests. The multiple comparison tests show that 
treatments 1 and 3 were usually significantly different from 
treatments 4 and 5 (at the 95^  probability level). There is 
no indication that soil moisture content caused these OOg 
differences as a consequence of differences in air porosity 
because, for example, treatment 1 had higher measured soil 
moisture than the other treatments, ;Aiich would cause higher 
OOg percentages if all other factors were equal. At the six 
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Table 8. OOg composition of the soil air at 4 depths and at 
different hours on August 12 and 13, 1963, for 5 
tillage treatments using 6 sampling probes (reps) 
per depth 
Rep 
Treatment number a Me^  comparisons 
Treatment Treatment 
number mean 
* * * * *  
3-inch depth; 8:30 A.M. 8/12/63 
1 .228 .725 .287 .923 .903 1 .274 
2 .223 .775 .237 .795 .788 3 .526 
3 .214 .634 .538 .501 .781 2 .653 
4 .287 .647 .739 .724 .788 4 .728 
5 .274 .556 .716 .728 .795 5 .788 
6 .415 .579 .638 .698 .667 
Average .274 .653 .526 .728 .788 
3-inch depth; 2:30 P.M. 8/12/63 
1 .229 .712 .276 1.003 1.190 1 .371 
2 .381 .850 .196 .872 .857 3 .511 
3 .396 .596 .580 .465 .973 2 .623 
4 .298 .472 .712 .821 .860 4 .793 
5 .261 .545 .719 .793 .508 5 .860 
6 .661 .974 .581 .806 .770 
Average .371 .623 .511 .793 .860 
3-inoh depth; 8:30 P.M. 8/12/63 
1 .257 .736 .278 .854 2.096 1 .382 
2 .382 .833 .264 .784 .999 3 .490 
3 .305 .590 .493 .583 .972 2 .651 
4 .302 .625 .687 .763 1.023 4 .739 
5 .302 .541 .659 .739 .416 5 1.023 
6 .743 .583 .562 .710 .632 
Average .382 .651 .490 .739 1.023 
A^ny two means not connected by the same vertical line 
are significantly different at the 5* probability level. 
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Table 8 (Continued) 
Treatment number Me^  comparisons 
Rep 1 2 3 4 5" Treatment Treatment 
number mean 
î  Ï f f  % 
3-lnch depth; 2:00 A.M. 8/13/63 
1 .209 .613 .267 .829 .677 1 .330 
2 .306 .757 .252 .671 .793 3 .484 
3 .332 .519 .519 .454 .340 5 .562 
4 .242 .584 .613 .692 .562 2 .585 
5 .260 .512 .685 .655 .4o4 4 .655 
6 .634 .526 .570 .627 .598 
Average .330 .585 .484 .655 .562 
6-lnch depth; 10:15 A.M. 8/12/63 
1 1.49 0.94 0.38 2.38 1.70 1 1.32 
2 1.59 1.34 1.92 2.10 2.73 2 1.39 
3 0.99 1.22 1.56 0.85 1.31 3 1.4o 
4 1.14 1.14 2.43 1.60 1.92 5 1.82 
5 1.15 1.75 0.88 2.34 1.46 4 1.92 
6 1.55 1.94 1.20 2.27 1.82 
Average 1.32 1.39 1.4o 1.92 1.82 
6--Inch depth; 4:30 P.M. 8/12/63 
1 0.84- 1.10 0.47 2.55 2.12 1 1.30 
2 1.58 1.36 1.66 2.49 3.20 3 1.37 
3 1.05 1.24 1.60 1.51 2.26 2 1.42 
4 1.17 1.24 2.26 1.79 2.06 4 2.09 
5 1.67 1.68 1.02 2.68 1.62 5 2.18 
6 1.50 1.93 1.21 1.50 1.82 
Average 1.30 1.42 1.37 2.09 2.18 
6-lnch depth; 9:00 P.M. 8/12/63 
1 0.76 1.34 0.40 2.55 2.28 1 1.23 
2 1.48 1.30 1.78 2.55 1.92 2 1.34 
3 1.01 1.17 1.48 2.55 2.39 3 1.41 
4 1.10 0.79 2.26 1.39 2.05 5 2.03 
5 1.56 1.65 1.57 2.78 1.76 4 2.19 
6 1.46 1.79 0.97 1.30 1.78 
Average 1.23 1.34 1.4i 2.19 2.03 
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Table 8 (Continued) 
Treatment number Mean comparisons^  
Rep ~1 2 3 ? Treatment Treatment 
number mean 
% % % % % 
6-lnch depth; 3:00 A.M. 8/13/63 
1 1.41 1.11 0.43 2.39 1.46 2 1.30 
2 1.44 1.11 1.88 2.55 2.67 1 1.31 
3 1.31 I.l4 1.46 1.40 2.10 3 1.48 
4 1.07 1.10 2.25 1.60 2.09 5 
l ^ \  5 1.25 1.40 1.86 2.38 1.79 4 
6 1.38 1.96 1.02 1.90 1.72 
Average 1.31 1.30 1.48 2.04 
9-lnch depth 
1.97 
1 1.73 1.57 2.81 2.53 3.39 1 1.95 1 
2 2.22 1.66 2.21 2.35 3.90 2 2.11 1 
3 1.42 2.13 2.85 2.99 2.95 3 2.63 
4 1.85 2.50 2.92 2.98 2.69 4 2.75 
5 1.69 2.18 2.73 2.85 2.70 5 3.04 
6 2.78 2.63 2.26 2.82 2.60 
Average 1.95 2.11 2.63 2.75 
12-lnch depth 
3.04 
1 2.76 2.47 2.94 3.07 4.12 2 2.49 
2 1.82 2.47 2.93 2.40 4.29 1 2.57 
3 2.69 2.14 3.02 3.41 2.96 3 2.95 
4 2.57 2.54 3.06 3.27 3.34 4 2.99 
5 2.96 2.76 2.68 2.82 2.91 5 3.45 
6 2.62 2.56 3.06 2.99 3.06 
Average 2.57 2.49 2.95 2.99 3.45 
103 
Inch soil depth, there were significant differences found 
among the treatments except for the first analysis period. 
The treatments had about the same effect on the soil OO2 
composition at the 6 inch depth as was found at the 3 inch 
depth. For the one analysis period in which gas was withdrawn 
from the 9 and 12 inch soil depths, significant differences 
in COg contents were found, with treatments 1 and 2 being 
lowest and treatments 4 and 5 being highest. Even at these 
lower depths, the OOg differences can not be explained on the 
basis of air porosity differences presumably caused by the 
tillage treatments since treatments 1 and 2 had higher mois­
ture contents than treatments 4 and 5. 
The influence of sampling and analysis time during the 
day was not significant for the 3- and 6-inch soil depths, 
indicating no appreciable diurnal OOg differences. 
The other date on idiioh field gas samples were analyzed 
was September 19, 1963. Because treatments 1 and 2 usually 
had the same GOg composition for the August 12 analysis, 
treatment 2 was omitted on this date. The measured soil 
temperature at the 3-inch depth ranged from 72*P. to 78*F., 
at the 6-inch depth the range was from 68*P. to 70*?. The 
measured soil temperature at the 9- and 12-inch depths was 
within 1*F. of 68*F. Soil moisture data for this date are 
summarized in Table 9. 
Table 10 gives the OO2 compositions found on September 
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Table 9. Soil moisture contents of 4 tillage treatments at 
5 depths on September 19, 1963 
Treatment number 
Depth 1 3 4 5 Average 
(inches) wt. % wt. % wt. # wt. % 
Surface 21.0 20.3 19.2 22.3 20.70 
3" 23.3 22.2 21.2 23.0 22.43 
6" 23.5 21.7 21.2 23.8 22.55 
9" 23.6 23.7 20.7 22.2 22.55 
12" 25.8 23.1 20.4 21.3 22.65 
Average 23.44 22.20 20.54 22.52 
19, 1963, for the 4 depths and 4 treatments. The OOg composi­
tion differences attributed to treatments were similar to the 
differences for the data of August 12; e.g. treatment 1 had 
the lowest OOg percentages and treatments 4 and 5 had the 
highest percentages. The COg percentages as compared between 
treatments were significantly different only at the 3 and 12 
inch depths. The measured soil moisture contents of Table 9 
do not indicate that on August 12 air porosity was causing 
the differences in compositon. 
Diffusion coefficients At the conclusion of the soil 
atmosphere composition measurements, undisturbed soil cores 
of the size that fit the gas diffusion chamber (Figure 12) 
were collected from the field. The soil cores, which held 
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Table 10. OOg composition of the soil air at 4 depths on 
September 19, 1963, for 4 tillage treatments 
using 6 sampling probes (reps) per depth 
Treatment number Mean comparisons 
Rep 1 3 4 5 Treatment Treatment 
number mean 
% % % % 
3-inch depth 
1 .158 .211 .705 .845 1 .201 
2 .130 .155 .500 .930 3 .370 
3 .188 .415 .430 .770 4 .598 
4 .173 .600 .385 1.000 5 .696 
5 .248 .480 .890 .220 
6 .308 .360 .680 .410 
Average .201 .370 .598 .696 
6-inch depth 
1 1.20 1.39 1.72 1.75 1 1.08 
2 1.14 1.12 1.70 0.74 3 1.39 
3 0.61 1.45 1.35 1.65 5 1.42 
4 1.30 1.72 0.68 1.81 4 1.45 
5 1.12 1.51 1.8% 1.12 
6 1.08 1.14 1.38 1.42 
Average 1.08 1.39 1.45 1.42 
9-inch depth 
1 1.95 1.99 1.82 3.32 1 1.70 
2 2.10 1.68 2.05 3.95 3 1.63 
3 0.88 2.01 1.81 1.40 4 1.97 
4 1.45 2.05 2.01 1.98 5 2.33 
5 1.94 1.48 2.01 1.4o 
6 1.90 0.55 2.14 1.92 
Average 1.70 1.63 1.97 2.33 
A^ny two means not connected by the same vertical line 
are significantly different at the 5% probability level. 
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Table 10 (Continued) 
Treatment number Mean comparisons^  
Rep 1345 Treatment Treatment 
number mean 
% % % % 
12-inch depth 
1 2.24 2.14 1.61 3.90 1 1.71 
2 1.61 2.18 1.54 3.80 4 1.92 
3 1.80 2.10 2.31 2.50 3 2.08 
4 1.81 2.28 2.4o 2.60 5 2.78 
5 2.08 1.86 2.02 1.80 
6 0.70 1.92 1.65 2.05 
Average 1.71 2.08 1.92 2.78 
approximately 75 ml. of soil, were collected within one inch 
of the eye of the gas sampling probe at the 3 inch and 6 inch 
depths. The soil moisture content was approximately 25% by 
weight at the time the cores were obtained. The cores, 
immediately after collection were enclosed in polyethylene 
bags to prevent evaporation. 
Gas diffusion measurements (D/D^ ) were made using the 
previously described method of Taylor. The measurements were 
all made at a soil moisture content equivalent to 1 atmos­
phere of moisture tension. This 1 atmosphere of tension was 
obtained using a pressure cooker apparatus, after the cores 
had been soaked 48 hours. Waen the soil moisture had equili­
brated at the 1 atmosphere tension, the cores were removed 
107 
from the pressure plate Immediately before making the diffu­
sion measurements. The total weight of the soil, water and 
brass cylinder core was recorded for use in measuring the 
moisture content at 1 atmosphere tension and in calculating 
air-porosity values. 
The results of the diffusion measurements are given in 
Table 11 for the 3- and 6-inch soil depth and for the various 
tillage treatments. The differences in diffusivity of the 
soil at 1 atmosphere of moisture tension as influenced by 
tillage treatments are highly significant for cores removed 
from the 3-inch depth. There was no significant differences, 
however, in diffusivities between treatments for cores 
removed from the 6-inch depth. Treatments 1 and 3, at the 
3-inch depth, had the highest impedance to gas flow and 
treatments 2 and 5 had the least impedance. 
Moisture desorption curves The undisturbed soil cores 
lAiich had been removed from the 3 treatments were used to 
determine an average moisture desorption curve for each of 
the treatments at the two depths. The method used to deter­
mine the desorption curves was similar to one presented by 
Russell (54b) in idiich the soil core is saturated on a sin­
tered glass funnel and then subjected to various degrees of 
suction. The outflow with each suction interval was recorded 
and the moisture content calculated after the oven dry weight 
had been determined. The desorption curves for the five 
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Table 11. Diffusion coefficient ratios (D/DQ) of undis­
turbed soil cores at 1 atmospheric moisture 
tension from 5 tillage treatments at 2 depths 
Rep 
Treatment number 
2 3 2r 
Mean comparisons 
Treat- [Treatment 
ment mean 
number 
3-inch depth 
1 .0583 .0948 .0518 .0701 .0662 1 .0612 
2 .0533 .1116 .0678 .0883 .0581 3 .0639 
3 .0593 .1154 .0621 .0683 .0690 4 .0700 
4 .0792 .1043 .0682 .0685 .0616 5 .0814 
5 .0738 .1104 .0766 .0445 .1063 2 .1010 
6 .0431 .0692 .0568 .0803 .1269 
Average .0612 .1010 .0639 .0700 .0814 
6-inch depth 
1 .0513 .0261 .0615 .0658 .0796 4 .0534 
2 .0549 .0556 .0892 .0484 .0572 2 .0536 
3 .0766 .0649 .0430 .0422 .0550 1 .0556 
4 .0570 .0547 .0229 .0608 .0860 3 .0564 
5 .0578 .0572 .0637 .0597 .0807 5 .0728 
6 .0358 .0629 .0583 .0433 .0786 
Average .0556 .0536 .0564 .0534 .0728 
A^ny two means not connected by the same vertical line 
are significantly different at the 5^  probability level. 
tillage treatments at the 3-inch depth are given in Figure 28. 
Each of these curves is the average of six samples. No large 
difference exists between the upper four curves representing 
treatments 1, 2, 3 and 5, but the curve of treatment 4 is 
different in that the moisture content is less than the other 
treatments at equal suction (tension) values. The desorption 
curves for the five tillage treatments at the 6-inch depth 
are given in Figure 29. The curve of treatment 4 also shows 
35 
30 <> 
H 
Z 25 
w 
H 
Z 
o 
o 
o-
w 20 q: 
ZD 
3 INCH DEPTH 
V = TREATMENT I  
H-
CO 
o 
2 
A = 
0 150 200 50 100 
TENSION (in cm. of HgO) 
Figure 28. Soil moisture desorption curves of field cores from 5 tillage 
treatments at the 3-lnch depth 
35 
30 
<> 
o 
5 
O 
O 
ë 20 
3 
6 INCH DEPTH. 
V=TREATMENT 
A = 
O = 
50 0 100 150 200 
TENSION (in cm. of H^O) 
Figure 29. Soil moisture desorption curves of field cores from 5 tillage 
treatments at the 6-inch depth 
Ill 
the largest difference at this depth. 
Moisture content at one atmosphere tension The oven 
dry moisture content of the soil cores was obtained after the 
diffusion measurements were made. The results are given in 
Table 12 for the 3- and 6-inch soil depths as influenced by 
tillage treatments. 
As was the case in the diffusion experiments, the dif­
ferences in soil moisture content between the treatments at 
1 atmosphere tension are significant for the 3-inch depth, 
but not significant for the 6-inch depth. There is a close 
correspondence between diffusivity and moisture content as 
measured using these methods. A greater moisture content 
resulted in less diffusion because of a corresponding increase 
in air porosity. 
Bulk densities Bulk densities were measured by oven 
drying the field cores and determining the dry weight of soil 
which had occupied the measured core volume. The results are 
given for the five treatments at two depths in Table 13. The 
differences due to treatments were found to be significant at 
both the 3- and 6-inch soil depth. Treatment 4 had the most 
compacted soil at both depths. 
Air porosities %th the bulk densities and moisture 
contents as measured at one atmosphere tension for these 
soils, air porosity values were calculated. Since the air 
porosity is related to diffusivity, a plot of the measured 
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Table 12. Moisture content of undisturbed soil cores at 1 
atmosphere moisture tension from 5 tillage treat­
ments at 2 depths 
Treatment number Meem comparisons^ 
Rep 2 3 ? ^ Treatment Treatment 
number mean 
wt. ^ wt. ^  wt. ^ wt. ^ wt. ^ 
3-lnch depth 
1 24.9 22.7 22.4 16.3 23.6 4 19.2 
2 21.4 23.9 23.5 19.8 22.2 5 20.8 
3 21.4 19.9 20.9 20.8 16.8 2 21.9 
4 22.5 19.8 22.3 21.1 19.8 1 22.2 
5 20.2 22.2 21.5 19,7 21.4 3 22.2 
6 22.8 23.1 22.4 17.7 21.0 
Average 22.2 21.9 22.2 19.2 
6-Inch depth 
20.8 
1 23.8 23.7 23.2 19.6 22.0 4 20.2 
2 22.9 21.9 25.7 19.0 23.4 2 20.4 
3 22.8 19.9 22.6 21.9 20.8 5 21.7 
4 24.0 20.5 22.9 19.6 18.4 3 21.8 
5 18.7 18.5 21.2 20.6 23.0 1 22.2 
6 20.9 17.7 15.5 20,2 22.7 
Average 22.2 20.4 21.8 20.2 21.7 
^Any two means not connected by the same vertical line 
are significantly different at the 5^ probability level. 
D/DQ values vs. calculated air porosity was prepered. The 
results are shoim In Figure 30. A significant correlation 
coefficient of 0.6534 was obtained for the dlffuslon-alr 
porosity relationships when all 60 of the field cores were 
considered. 
It Is evident from Figure 30 that some of the treatments 
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Table 13. Oven dry bulk densities of undisturbed soil cores 
from 5 tillage treatments at 2 depths 
Treatment number Mean comparisons^ 
Rep "Î 2 T" ? Treatment Treatment 
number mean 
gm./om.3 
3-inch depth 
1 1.14 1.15 1.26 1.46 1.27 2 1.18 
2 1.29 
1.24 
1.23 1.16 1.41 1.30 3 1.23 
3 1.14 1.24 1.4o 1.36 1 1.25 
4 1.20 1,15 1.22 1.4o 1.34 5 1.28 
5 1.32 1.18 1.24 1.45 1.20 4 1.42 
6 1.31 1.25 1.28 1.4l 1.20 
Average 1.25 1.18 1.23 1.42 
6-inch depth 
1.28 
1 1.29 1.45 1.41 1.52 1.34 1 1.33 
2 1.33 1.42 1.36 1.52 1.38 5 1.36 
3 1.27 1.38 1.44 1.46 1.42 3 1.42 
4 1.27 1.40 1.47 1.45 1.43 2 1.43 
5 1.43 1.50 1.32 1.43 1.28 4 1.47 
6 1.38 1.44 1.51 1.44 1.28 
Average 1.33 1.43 1.42 1.47 1.36 
s-Any two means not connected by the same vertical line 
are significantly different at the probability level. 
have different diffusion-air porosity relationships since some 
of the treatments -which have approximately equivalent dif-
fusivities have different air porosities. 
Organic matter Since organic matter content is one 
factor determining the rate of OOg production in soil 
(Waksman, 73), organic matter content was measured. The 
Figure 30. Data points for the diffusion ratio D/^o 
air porosity, for a total of 60 soil cores 
at 1 atmosphere moisture tension from 5 
tillage treatments and 2 depths 
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organic matter measurements were made for the 3- and 6-inch 
depths on 6 samples removed from each treatment. The wet 
combustion method given by Jackson (26) was used. This method 
is reported to determine the "easily oxidizable" organic 
carbon. Small soil samples were collected from the soil 
volume immediately surrounding the location of the eye of the 
gas sampling probe before it was removed. The soil organic 
matter content from the five tillage treatments at two depths 
is given in Table l4. A significant difference was found to 
exist between treatments for both depths studied. A multiple 
comparison of those means indicate that treatment 1, -vdiich 
was found to contain the highest organic matter content (4.4^) 
at both depths, is the main treatment causing the organic 
matter differences to be significant. 
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Table l4. Soil organic matter content at 2 depths as in­
fluenced by 5 tillage treatments 
Rep 
Treatment number 
3 2r 
Mean c ompari sons 
Treat- Treatment 
ment mean 
number 
3-lnch depth 
1 4.738 4.320 4.184 3.275 3.590 5 3.412 
2 4.646 4.228 3.958 3.429 4.004 4 3.502 
3 4.463 3.596 3.725 3.191 2.787 3 3.717 
4 4.342 3.618 3.721 4.394 3.217 2 3.795 
5 3.975 3.588 3.416 3.482 3.097 1 4.3951 
6 4.207 3.420 3.300 3.241 3.777 
Average 4.395 3.795 3.717 3.502 3.412 
6-inch depth 
1 4.686 4.148 4.252 3.829 3.442 5 3.439 
2 4.670 4.493 4.130 3.618 4.264 3 3.520 
3 4.346 3.512 3.481 3.078 3.640 4 3.560 
4 4.529 4.332 2.353 3.140 2.677 2 3.907 
5 4.187 3.540 3.390 3.994 3.280 1 4.443 1 
6 4.238 3.419 3.517 3.701 3.327 
Average 4.443 3.907 3.520 3.560 3.439 
®'Any two means not connected by the same vertical line 
are significantly different at the probability level. 
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DISCUSSION 
Gas Sampling and Analysis Techniques 
Successful methods of sampling and analyzing the soil air 
have been described. The gas sampling probe developed as a 
part of this work has proven to be a reliable Instrument to 
use with a syringe for sampling small quantities of soil gas 
representative of the atmosphere In the air filled fraction 
of the soil. The probe Is simple to build, easy to Insert In 
moist soils with a minimum of disturbance to the natural 
conditions of the soil, and Is Inexpensive. 
The successful use of gas chromatography to analyze 1 ml. 
gas samples withdrawn from the soil with the probe has been 
demonstrated. When properly used the methods presented allow 
rapid and accurate analysis of OOg In air, Og and Ng In air, 
or COg, Og and Ng In air. The critical factor influencing 
accuracy appeared to be the reproducibility of the sample size 
and the reproducibility of the rate of Injection of the sample 
Into the chromatographic column. Considerable trial and error 
was involved in determining the most desirable combination of 
chromatographic column conditions and detection conditions. 
Another gas chromatography technique for separation and detec­
tion of COg, Og and Ng in air was tried before the present 
dual column system was prepared. A temperature programmer was 
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purchased and used to allow chromatographic columns to be 
subjected to increasing temperatures during separation and 
analysis periods. It was desired to use this programmer in 
connection with a molecular sieve column. Since molecular 
sieves adsorb OOg at temperatures below 300*0., a temperature 
program was planned in idiich Ng and Og would be separated at 
ambient temperature after which the column would be raised to 
320®C. to cause the GOg to be released from the sieves and be 
detected. Peaks of Ng, Og and 00^ were obtained, but the 
method was considered to be inappropriate for soil atmosphere 
measurements in which a large number of samples are to be 
analyzed in a short period of time, because about 25-35 
minutes was required for each complete analysis. The main 
problem encountered was in cooling the system back to ambient 
temperature for another analysis. 
Since size of the gas sample has been considered by some 
researchers (21, 45, 55, 63) to be a possible factor in 
influencing the measured gas composition of soil in the field 
at a given depth, it is of interest to make observations on 
data obtained in these experiments on the influence of sample 
size on measured gas composition. The results given in Table 
5 show that as larger quantities of gas are removed from the 
soil, the measured OOg composition does not materially change. 
This result was also confirmed at all four soil depths studied 
in the field experiment when as much as 100 ml. of gas was 
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removed within a few minutes time from selected sampling 
probes. Figure 31 is presented as an aid in considering a 
possible explanation why the measured gas composition does 
not change irfien volumes as large as 100 ml. are removed. 
Consider (Figure 31) a soil with an air porosity of 0.285. 
Assuming complete and uniform air drainage of the pores when 
a gas sample is removed by partial vacuum, a 1 ml. sample 
would come from a 3.51 ml. sphere of soil of radius 0.94 cm. 
A 50 ml. sample would come from a 175.5 ml. sphere of soil of 
radius 3.5 cm. likewise, a 100 ml. gas sample would come from 
a 351 ml. sphere of soil of radius 4.4 cm. If this latter 
100 ml. sample was withdrawn from the 3-inch soil depth, as 
shown in Figure 31, gas would flow to the sample from soil 
depths of 1.25 to 4.75 inches. Thus there would be no gas 
contamination from the surface. If the air porosity is 
constant in this 351 ml. soil volume and the gas composition 
changes approximately linearly with depth, then the gas 
composition would be the same for the 1 ml. sample as for the 
100 ml. sample since gas flows to the partial vacuum in equal 
quantities from above and below the sampler tip. However, if 
air porosity decreases with depth, as did the soil cores 
described in Figures 21, 22 and 23, a 100 ml. sample would 
remove a larger quantity of gas from above the sampler vacuum 
point than below the point causing a measured gas composition 
for a particular depth to be different from the actual compo-
SOIL SURFACE 
AIR POROSITY 28.5% 
4.4 cm 
CO 
X 
o 
2 
È 3 50 CC 100 cc 
I cc 
4 
175.5 cc 
351 cc 
INNER SPHERE REPRESENTS VOLUME OF GAS REMOVED. OUTER 
SPHERE REPRSENTS SOIL VOLUME FROM WHICH GAS CAME. 
Figure 31. Spheres of three soil volumes from vhloh gas was removed 
122 
sltion. The magnitude of this measurement error would be 
proportional to the sample size, and therefore quite small 
for the 1 ml. volume used in these studies. Even though Hack 
(21) and Taylor and Abrahams (63) did not give data on mois­
ture depth distribution in their studies in lAiich they found 
sample size to influence gas composition at a given depth, an 
air porosity decrease with depth is believed to be the reason 
for the compositional differences they found. 
Laboratory Soil Columns 
The experiments conducted in the laboratory using pre­
pared soil columns were intended to explore some applications 
of the developed gas sampling and analysis techniques to the 
study of soil aeration, and particularly to the verification 
of theories with experimental data lAiich have not been availa­
ble in the literature. Since solutions to the gas diffusion 
equation are generally given as gas composition as a function 
of soil depth, the depth distribution of gas components is 
needed for theory verification. The depth distributions of 
OOg» Og and in laboratory soil columns were measured 
(Figures 16, 17, 18, 19, 20) using the sampling probes and gas 
chromatograph and, in cases idiere theoretical curves could be 
obtained, reasonably good agreement was found lAien comparing 
the measured depth distribution with theoretical depth 
123 
distribution of gas components. 
In characterizing soil atmosphere parameters mi oh 
influence gas composition are needed. These parameters in­
clude the coefficient of diffusion D (or ratio soil 
activity A, total depth of the soil L to a diffusion barrier 
and the composition of gas at the soil surface c^. 
Diffusion ratio D/DQ measurements were made for each of 
the soil materials used in the laboratory study. The curves 
Trtilch were obtained relating D/D^ to air porosity were in 
reasonably good agreement with data in the literature. These 
curves made it possible to infer D/DQ values from air porosi­
ties measured in the laboratory columns. When air porosities 
are near a critical range, 0.05 to 0.20, accurate dlffuslvi-
ties are difficult to obtain because they are approaching zero 
dlffuslvity. As can be seen in Figure 16, a possible error in 
the measurement of air porosity of 0.02 could have caused the 
large deviation of the theoretical and experimental depth 
distribution of COg because diffusion was critical for the 
measured air porosity value 0.174. It is in this critical 
range of air porosities, however, when soil aeration becomes 
a problem. 
The soil activity A was measured by determining the 
amount of OOg produced by the laboratory soil columns. The 
OOg absorption train used for the production measurements 
(Figure 13) seemed to be sensitive to differences in OOg 
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production rate between columns. A good example is the pro­
duction rates for the columns containing 20jC sand. The soil 
column with the highest moisture content and lowest air 
porosity (0.210) had an average OOg production rate of 3.82 x 
lO"® mg. cm.sec.'l and the column with the lowest moisture 
content and highest air porosity (0.462) had an average OOg 
production rate of 10.80 x 10"^ mg. cm."^ sec."^. Assuming a 
production rate of zero for completely dry soil, it is 
evident that there is an optimum moisture content, at constant 
temperature, for OOg production between zero moisture content 
and a moisture content of approximately 305^ by volume. 
The depth of the soil to a diffusion barrier L was clear­
ly defined in the laboratory soil columns T*.ioh had constant 
air porosities. This depth was the cylinder bottom. The 
long columns, •v^ich did not have constant air porosities, did 
not have a clearly defined value for L since air porosities 
were very low (Figures 21, 22 and 23) near the bottom of the 
three cylinders. This again emphasized the inability to 
precisely determine the air porosity value for which gas dif­
fusion completely stops. This point L must be known in order 
to clearly evaluate one of the boundary conditions of the 
theory. These experiments also show that the magnitude of L 
has a significant Influence on the soil gas composition. Even 
though the diffusivities of two of the short columns contain­
ing sand-soil mixtures were in the critical range, the GOg 
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composition of the soil at the bottom of these short cylinders 
(24 cm, deep) did not exceed 0.5^. For the long columns (150 
cm. deep) the OOg content was as high as 25^. 
The composition of the gas under consideration in the 
atmosphere above the soil can easily be measured with the gas 
chromâtograph (Table 2) or assumed, with little error, to be 
the published atmospheric value. 
Field Experiments 
The experiments conducted in the field were Intended to 
explore applications of the gas sampling and analysis tech­
niques to the study of the atmosphere of field soil in place. 
The results given in Tables 8 and 10 demonstrate the ability 
of the methods used to detect small OOg concentration differ­
ences in the soil at various depths. As an example notice 
in Table 8 that, for the 8:30 A.M. run on the 3-lnch depth 
samples of treatment 1, replicate 1 contained 0.228/^ GOg and 
replicate 6 contained 0.415% OOg. For the next 3 consecutive 
runs throughout the day, this difference in COg concentration 
between replicates within a treatment continued to be exhibited 
in the analysis since replicate 1 contained 0.229%, 0.257% and 
0.209% OO2 for the consecutive runs and replicate 6 contained 
0.661%, 0.743% and 0.634% OOg for the consecutive runs. 
The ability to calibrate the instrument and analyze 300 
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gas samples within a 24 hour period also demonstrates an 
advantage of this method. Since field soils are rather 
heterogeneous as compared to laboratory soil columns, more 
compositional variance within a particular treatment and depth 
would be expected, and thus, to detect differences in composi­
tion between treatments, the number of samples has to be 
larger than the number used in the laboratory. Other gas 
analysis methods, except for those using an Og analyzer, 
require considerably more time than the one minute required 
for these COg analyses. An advantage of the chromatograph 
method of measuring OOg over the Og analyzer method of analyz­
ing Og, is that it can more precisely detect composition dif­
ferences and the sampling methods are much simpler. Here it 
is remembered that the laboratory work of this thesis, 
(Figures 18, 19, 20) and results from the literature (50), 
indicate that vhen aerobic conditions exist in the soil, there 
is a close correspondence between an increase in COg and a 
decrease in Og in the soil air. Thus the measurement of only 
COg seemed justified in the field work. 
Since the COg concentration of the soil atmosphere 
fluctuate as changes in the air porosity take place, the 
interpretation of the COg concentration differences found be­
tween some of the tillage treatments is difficult. In some 
cases indirect interpretations must be made. 
The most logical interpretation of the COg concentration 
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differences between treatments Is the Influence of soli mois­
ture tension on soli activity. Even though an increase in 
soil moisture, or a decrease in air porosity, was measured 
(Figure 30) to cause a decrease in soil dlffuslvity for the 
treatments, the data show that OOg concentrations were lowest 
where moisture contents were highest (Tables 8, 9, 10, 11). 
The low OOg concentrations at higher moisture contents indi­
cate that soil moisture had more of an influence on decreasing 
soil activity than decreasing soil dlffuslvity. Therefore, 
the soil moisture content in most of the treatments was above 
optimum and any increase in moisture caused a decrease in 
activity. 
If the interpretation that decreased soil activity caused 
by increased soil moisture content is in fact true, then 
causes of the differences in soil moisture content for the 
tillage treatments would explain the differences found in OOg 
composition. The causes for differences in moisture content 
of the various treatments is beyond the scope of this thesis. 
The soil organic matter measurements showed that treat­
ment 1, which had received 2,4-D weed control agent for five 
years, had a significantly higher soil organic matter content 
than the other treatments (Table l4). This treatment was also 
found to have significantly lower OO2 contents than the other 
treatments. The high organic matter may be due to a decreased 
rate of organic matter decomposition caused by the 2,4-D, but 
it could be due to soil heterogeneity. 
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SUMMARY AND OONOLUSIOlîS 
A soil gas sampling probe (Figures 1 and 2) made from a 
metal capillary tube and a modified tubing union which can be 
easily inserted into a moist soil in place with a minimum of 
dialurbance to the natural conditions of the soil was devel­
oped for use in soil aeration characterization research using 
gas chromatography. The probes were used in connection with 
a syringe to remove 1 ml. samples of gas from the soil atmos­
phere for analysis. 
Gas chromatography techniques for separating and analysis 
of soil air components were developed. The techniques allowed 
rapid analysis of soil OOg, O2 and Ng. Checks on these soil 
gas sampling techniques showed that they were reliable methods 
to use in measuring the gas composition of the soil atmosphere. 
Using the developed sampling and analysis techniques, 
experiments were conducted in the laboratory on soil columns 
for testing soil aeration theories. Some of the soil columns 
were of constant, some of variable air porosity. Reasonably 
good agreement with theory was obtained for the depth distri­
bution of GOg in the soil columns with constant air porosity. 
For the theoretical tests gaseous diffusion rates and soil 
activities were measured. In all the laboratory soil columns 
a close correspondence between an increase in OOg and a 
decrease in Og in the soil air was found (Figures 18, 19 and 
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20). 
Some field experiments on corn plots were conducted to 
determine the influence of 5 tillage treatments on the aera­
tion status of soil in place. Soil air samples were analyzed 
in August and September of 1963 using the gas chromâtograph. 
For the field experiments OOg concentration with depth, soil 
moisture contents, moisture desorption curves, bulk densities, 
diffusivities, and soil organic matter contents were measured. 
Significant OOg concentration differences were found between 
some of the field treatments. The differences are attributed 
to differences in soil activity. The soil activity differ­
ences between the treatments are, in turn, attributed to dif­
ferences in soil moisture tensions, the lower tensions causing 
lower activity and resulting lower OOg content. 
The general conclusion of this study is that gas chroma­
tography may, with the auxiliary techniques developed, be 
applied as an improved technique to measure the soil atmos­
phere composition in characterizing soil aeration. 
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APPENDIX 
Table 15. The depth distribution of COp, Og and Ng in soil 
air withdra-wn from laboratory soil columns con­
taining different sand-soil mixtures at various 
air porosities 
Composition of soil air 
60^ Sand 
Depth 0.389 Air porosity 0.174 Air porosity 
of sample COg O2 %2 COg O2 %2 
cm. 2 * % 
0 0.033 18.89 80.14 0.038 19.54 79.48 
2 0.063 19.50 79.50 0.036 19.05 79.97 
4 0.087 19.33 79.64 0.037 19.25 79.77 
6 0.094 18.39 80.59 0.035 19.42 79.60 
8 0.136 19.28 79.64 0.043 19.34 79.68 
10 0.150 19.19 79.76 0.050 19.25 79.76 
12 0.164 19.19 79.71 0.048 19.75 79.26 
14 0.194 19.90 78.97 0.056 19.75 79.25 
3.6 0.372 18.87 79.82 0.051 19,33 79.68 
18 0.426 18.32 80.31 0.057 19.37 79.63 
20 0.451 18.81 79.80 0.056 19.58 79.42 
22 0.493 19.16 79.41 0.056 19.84 79.16 
20% Sand 
0.462 Air porosity 0.210 Air porosity 
COg 02 %2 COg O2 %2 
0 
% 
0.046 
% 
19.63 
% 
79.38 
% 
0.034 
% 
19.71 79.32 
2 — — — — — — 0.098 20.14 78.82 
4 0.050 19.71 79.30 0.109 19.83 79.12 
6 — — — — — 0.160 19.82 79.08 
8 0.051 19.71 79.30 0.157 19.44 79.46 
10 — — — — — — 0.178 19.49 79.41 
12 0.056 19.54 79.46 0.184 19.64 79.24 
14 — — — — 0.196 19.38 79.48 
16 0.063 19.58 79.42 0.286 19.46 79.35 
18 — — — — 0.235 19.46 79.36 
20 0.078 19.71 79.27 0.263 19.46 79.34 
22 0.080 19.88 79.10 0.267 19.29 79.50 
Table 16. The depth distribution of OOg, Og and Eg in soil air withdrawn from 3 
laboratory soil columns with variable air porosities. Air porosity 
values are given in Figures 21, 22 and 23 
Composition of soil air 
Cylinder I Cylinder II Cylinder III 
Cm. COg Og Ng Cm. COg Ng Cm. dOg Og 
0 0 .. 058 20 .60 78. 3 0 0.086 20.83 78.14 0 0.039 20.65 78.37 
2 ":0 .82 78. 1 2 0.258 20.60 78.20 2 0.057 20.93 78.07 
4 . •?o .78 78. 2 4 0.338 20.40 78.32 4 0.058 20.79 78.21 
8 0, 222 19 79. 4 6 0.380 20.53 78,15 6 0.114 20.36 78.59 
12 0 . >09 .57 79. 2 10 0.573 18.67 79.82 10 0.124 20.49 78.45 
22 0 • 808 19 :6B 78. 6 15 0.792 19.73 78.54 15 0.150 20.49 78.42 
32 20 0.923 18.50 79.54 20 0.174 2C.21 78.68 
42 209 18 .36 76. 5 25 1.283 19.46 78.32 25 0.218 20.43 78.41 
52 30 1.450 19.01 78.59 30 0.260 20.42 78.38 
62 3. 411 17 .12 78. 5 40 1.754 18.67 78.64 4o 0.410 19.94 78.71 
72^ 22. 063 0 6$. 2 50 2.362 18.09 78.61 50 0.647 19.89 78.52 
82° 25. 027 c- 34. A 60 2.882 16.95 79.23 60 1.118 20.01 77.93 92° 
— - 70 3.552 16.25 79.26 70 1.531 18.91 78.62 
80 4.908 14.91 79.24 80 2.590 17.69 78.78 
90 5.754 13.47 79.84 90 4.165 15.36 79.54 
100 8.446 12.08 78.53 100 7.970 10.23 80.86 
110 10.205 9.89 78.96 110 9.719 8.92 80.42 
120 13.291 7.79 78.98 120° — — — — 
130. 19.900 1.92 77.24 130° — — * " — — 
l4o° mm 4M mm M mm mm 140° mm um m» M m» 
150® 
-- — — 
150° — — — — 
®9.1/È methane was found at 72 cm. depth. 
^39.85^ methane was found at 82 cm. depth. 
°Data not available because pores were saturated. 
